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Foreword 

I H E A C S 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 necessary 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 organizer(s) of the symposium, who become the 
editor(s) of the book. The authors then revise their papers according to 
the recommendations 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. 

A s a rule, only original research papers and original review 
papers are included in the volumes. Verbatim reproductions of 
previously published papers are not accepted. 

A C S BOOKS DEPARTMENT 
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Preface 

SPICES A R E W I D E L Y U S E D I N F O O D P R O D U C T S to create the distinctive flavor 
and character that is representative of different cuisines. The symposium on the 
flavor and antioxidant properties of spices was organized to look at new 
developments in the area of spice chemistry. 

The nature of the volatile components in different spices is important in 
understanding the flavors they impart to food products. Research is being 
conducted to determine the significant volatile and nonvolatile compounds that 
create the distinct flavor of various spices. Variations in spices can occur 
depending on the region in which they are grown and the climatic conditions, 
which can dramatically influence their composition. This information is 
important in formulating food products and maintaining their consistency over 
time. A s spices vary in their flavor profile, adjustments may need to be made in 
the formulation of a product or spice blend to maintain the desired flavor. 
Computer models are being developed to evaluate spices and spice blends to 
determine their composition and other relevant variables. 

Another major area of interest today is the antioxidant properties of spices. 
Although spices have long been used to help preserve food, it has not been 
known what components give the preservative effect. Research in this area has 
expanded beyond the use of spices as preservatives to the potential health 
benefits they confer as antioxidants in the body. There is considerable evidence 
that specific components in spices may provide these beneficial effects. 
Research is being carried out to determine the active components and to explain 
the mechanism of action. With increasing interest in the use of food products to 
help maintain health and prevent disease, spices may play a significant role. 

The symposium on which this book is based was sponsored by the Division 
of Agricultural and Food Chemistry at the 211th National Meeting of the 
American Chemical Society, which took place in New Orleans, Louisiana, from 
March 24-28, 1996. This symposium provided a forum for researchers from all 
over the world to present information on possible specific roles of spices in 
disease prevention. 

We thank all of the participants in the symposium as well as the additional 
authors who have contributed papers to this book. A l l of our colleagues who 
gave of their time to assist in the review of the manuscripts are recognized, and 

ix 

 O
ct

ob
er

 2
4,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
an

ua
ry

 2
9,

 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

97
-0

66
0.

pr
00

1



their work is sincerely appreciated. The American Spice Trade Association 
helpful in providing general information about spices and their usage. 

SARA J. RISCH 
Science B y Design 
505 North Lake Shore Drive, #3209 
Chicago, IL 60611 

CHI-TANG HO 
Department of Food Science 
Cook College 
Rutgers, The State University of New Jersey 
New Brunswick, NJ 08903-0231 

November 22, 1996 
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Chapter 1 

Spices 
Sources, Processing, and Chemistry 

Sara J. Risch 

Science By Design, 505 North Lake Shore Drive, #3209, 
Chicago, IL 60611 

Spices are used throughout the world to season food products and 
create the unique characteristic flavors of different cuisines. 
Spices are grown primarily in tropical countries although the 
United States has recently started growing a number of different 
spices to supply the domestic needs. The use of spices has 
increased significantly over the past few years, due in part to the 
high level of interest in different types of foods that use a wide 
variety of spices. Interest is also developing in the ability of spices 
to act as antioxidants in addition to seasoning a product 

Spices have long been important for food products. It was found that small amounts 
of various plants could be used to enhance the flavor of a food and also served to 
help preserve that food. In some cases spices were even used to mask spoilage or 
off-flavors in products. This use continued for centuries without any real 
understanding of how the spices were being effective. People simply understood that 
spices helped create a more desirable taste in the foods that were being prepared. 
Different cuisines are noted for using specific types of spices to create their 
characteristic flavors. 

People also viewed spices as being important because in early history the 
entire economy of many regions was based solely on spice trade. Spices were the 
major item of trade and the region that could control spice trade dominated as a 
world power. That situation has changed dramatically with spices now accounting 
for less than 0.1 percent of world trade. Other raw materials as well as processed 
foods account for a larger percentage of world-wide trade than spices. There are 
still several countries that rely heavily on the trade of a specific spice. In Tanzania, 
the production of clove accounts for a large percentage of that country's economy. 
Tanzania grows about 2/3 of the world requirement for cloves. About half Granada's 
revenue is derived from the sales of nutmeg and mace. If you also consider vanilla, 

© 1997 American Chemical Society 
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1. RISCH Spices: Sources, Processing, and Chemistry 3 

which is not technically a spice but is a very widely used flavoring material that comes 
from a plant grown in tropical regions, it is the second largest product in the 
Malagasy Republic. 

There are 36 different herbs and spices that are generally recognized and 
commonly used. White and black pepper account for the largest amount of spices 
used in terms of dollar value. The next highest value spices consumed are cloves, 
nutmeg, cardamom, cinnamon ginger, mace and allspice. It should be noted that 
accurate figures for the value of spice imports and exports are difficult to track. 
Countries typically do not report spices separately from other food products. 

Most spices that are imported into the United States come in whole or 
unprocessed. There are requirements that they meet minimum standards for purity 
and cleanliness. The Food and Drug Administration performs inspections on the 
incoming spices mainly to confirm that they are free from undesirable filth and that 
they are safe for use in food. The American Spice Trade Association (7) and AO A C 
(2) have defined specific tests for spices. A complete list of typical tests for the 
quality of herbs and spices was developed a number of years ago by Heath (3). This 
provides a comprehensive listing of tests that can give information on the volatile oil 
content as well as other quality related factors in spices. 

Spices and herbs come from a number of different parts of plants. This can 
include the bark, seeds, berries and leaves of a plant. In the United States, spices 
have a legal definition that is spelled out in the Code of Federal Regulations (4). This 
states that spices are "any aromatic vegetable substance in whole, broken or ground 
form, except those substances which have been traditionally regarded as foods, such 
as onions, garlic and celery; whose significant function in food is seasoning rather 
than nutritional; that is true to name; and from which no portion of any volatile oil or 
other flavoring principle has been removed". The form that the spice is used in often 
depends on the application in the food product. In some cases it is desirable to have 
large, visible pieces of spice while in others the spice may be finely ground to be more 
easily incorporated into the product. Some of the applications for whole spices 
include peppercorns in sausages, bay leaves in soups and various seeds that are used 
on or in breads and other baked products including caraway seeds, sesame seeds and 
poppy seeds. 

For the vast majority of applications, the spice is processed before using in a 
food product. General processing of spices usually involves some means of particle 
size reduction. Processors use different techniques to achieve the desired particle 
size. The process of grinding spices breaks down some of the cell structure to make 
the volatile oils in the plant more readily released when used in a product than if the 
spice were left in the whole form. Care must be taken during the grinding process 
to insure that the desired volatile oil level is maintained in the spice. One process that 
has been investigated to help preserve the quality of the spice is cryogenic grinding. 

In addition to grinding or œmminution of the plant part, a means of bacterial 
reduction is also needed. Hie different methods employed to reduce the bacterial 
load on spices, including irradiation, steam treatment and ethylene oxide, will be 
covered in a subsequent chapter in this book. A comprehensive review of individual 
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4 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

spices including their flavor characters and various applications is included in the 
Source Book of Flavors by Reineccius (5). This reference also includes information 
about processing of spices as well as the specific volatile oils and the procedures that 
are used to extract the oils from spices. The flavor of herbs and spices is derived 
from the volatile oils that are present in the plant. The only exception to this is the 
capsicums which give the flavor to peppers. The essential oil content of herbs is 
often less than 1%. The content of other spices ranges up to 18% essential oil in 
clove buds. Essential oils are recovered from herbs and spices by steam distillation. 
This recovers the volatile oils but not the non-volatile components which contribute 
to the pungency of some spices such as ginger and pepper. Oleoresins are obtained 
by solvent extraction which yields both volatile and non-volatile components. 

While spices have long been used in food products, their usage continues to 
grow at a significant rate. A recent estimate by the American Spice Trade 
Association indicates that the usage in the U . S. alone could reach one billion pounds 
by the year 2000 (ASTA personal communication, 1996). Interest in spices started 
growing after World War Π and saw a sharp rise beginning in the 1980's. This can 
likely be attributed to first, the exposure that many people had to other spices in the 
1940's and, more recently, to increased interest in different ethnic cuisines. It should 
be noted that the consumption figures that are reported include dehydrated onion and 
garlic even though by legal definition they are not spices. These items may be used 
as spices in a food in the U . S. but must be listed separately on an ingredient 
statement. The average consumption today is about 50% greater than the average 
a decade ago with the annual per capita consumption of spices in the United States 
over three pounds (ASTA, personal communication, 1996). The spices that have 
shown the largest increase in use include sesame seeds, oregano and paprika. It is 
likely that the growth in use of sesame seeds parallels the growth in fast food 
restaurants using sesame seeds on sandwich buns. 

The other trends in spice consumption in the U.S. follow the growth of 
certain food categories. One area is in hot foods where the American public is 
becoming much more adventuresome in the foods that they will eat. Consumption 
of red pepper was up 105% from 1988 to 1992. Our bland foods are becoming much 
spicier. One company recently introduced a fudge sauce for ice cream that contains 
black pepper, red pepper and cinnamon in addition to dark chocolate. At the 1996 
Institute of Food Technologists convention, one demonstration showed the use of red 
pepper sauce in brownies. In contrast, another area of growth is in the mild herbs 
including basil and oregano. This growth follows the increase in consumption of 
pizza and a proliferation of commercially available spaghetti sauces. As the desire for 
new and unique foods continues, it is expected the use of spices will continue to 
grow. 

Spices are commonly grown in tropical regions of the world. This can present 
challenges to companies that are trying to find a consistent source of spices both from 
a quality and supply perspective. Farmers in the U. S. have started growing a number 
of different spices to meet our growing demand. When dehydrated onion and garlic 
are included in the figures, the U.S. in 1993 was able to supply 38% of its needs 

 O
ct

ob
er

 2
4,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
an

ua
ry

 2
9,

 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

97
-0

66
0.

ch
00

1



1. RISCH Spices: Sources, Processing, and Chemistry S 

(ASTA, personal communication, 1996). The other countries that are important 
sources of spices include India, Indonesia, Mexico, Guatemala, China and Canada. 
Canada has gained prominence for its production of mustard, caraway and coriander 
seeds. 

With the growth in the use of spices, there has been continued research into 
the active components of spices not only from a flavor standpoint but also from 
functional perspective to explore the antioxidant properties of spices. Different 
spices are known to contain hundreds of active compounds. One area of interest is 
to identify the specific compounds in a spice that make the most significant 
contribution to the flavor of that product. A technique that has been applied to flavor 
compounds to determine their relative importance to flavor of a product is gas 
chromatography coupled with effluent sniffing, referred to as GC-0 (gas 
chromatography-olfactometry). Several variations on this technique, including aroma 
extract dilution analysis, can be used to determine the compounds that are most 
important to the aroma. This uses the human nose to determine characteristic and 
importance of individual compounds to compliment gas chromatography which can 
only give an indication of relative amounts of different compounds but cannot give 
any information on importance to the flavor profile. It is known that flavor 
compounds can have widely varying sensory thresholds so having only the analytical 
data does not tell the entire story regarding importance of the individual compounds. 
The two specific spices that were evaluated and are presented in later chapters were 
saffron (Cadwallader and Baek) and fenugreek (Blank et el). This data can be used 
in developing flavor systems that may be able to replace or supplement spices in food 
products. 

There is ongoing development of new analytical techniques to evaluate spices 
to develop specific information about their composition. These techniques may not 
be applicable only to spices but are serving to expand our knowledge of spices and 
their active components. One method is supercritical extraction which is used to 
more effectively remove the volatile compounds from a spice and eliminate the 
interference of other plant materials. Once the compounds are isolated, one detector 
that is being employed is specific to nitrogen and can aid in determining the amounts 
of capsaicinoids which contribute the heat or pungency to different types of peppers. 

Spice companies and food manufacturers are also concerned about 
maintaining the consistency of the spices and spice blends that they are using. It is 
know that a number of factors can influence the abundance of the active components 
in spices. The climatic conditions can have a significant impact on spice quality from 
one year to the next. One chapter later in this book will address the influence of 
different growing conditions on the volatile compounds that are present (Randle). 
The same species of plant that is grown in different regions of the country can have 
a different volatile profile from that grown in another region. Understanding these 
differences is important for manufacturers to be able to maintain consistent flavor of 
a product when the spice being used may be sourced from different areas. A variety 
of plant species have been investigated to develop fingerprints of spices from different 
growing regions. This information can be used to determine authenticity of a spice 
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6 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

and determine optimum blends that should be used to maintain the desired flavor 
profile. Statistical programs are also being developed to be used to determine the 
most likely constituents in a spice blend and aid in replication of a specific blend. 
This is presented in the chapter by Chen et al. 

An area of considerable interest and the focus of many research projects is the 
antioxidant properties of spices. As was mentioned earlier, one of the earliest uses 
of spices was to help preserve foods. Little was understood at that time about the 
mode of action of the spices. It was simply known that they would help maintain the 
quality of the food to be stored. The area of antioxidant properties of spices is 
important for preserving the quality of foods but may also provide beneficial health 
effects for people consuming the spices. This area will be covered in much more 
detail in an overview of the antioxidant properties of spices that is presented later in 
this book in the chapter by Madsen et al. One spice component in particular that has 
received attention is curcumin. Several chapters address the effectiveness of 
curcumin and possible ways to synthesize new curcuminoids. The investigators have 
looked at the various ways in which the compounds may be effective as an 
antioxidant in different systems. This is an area that will continue to receive attention 
in the research community as people continue to look for the specific health benefits 
that certain foods may offer. Spices will remain important for the flavor that they 
impart to foods and may also gain significance for other benefits they have to offer. 

Literature Cited 

1. Analytical Methods of the American Spice Trade Association, 3rd ed. ASTA, 
Englewood Cliffs, NJ.,1978. 

2. Official Methods of Analysis, 14th ed. AOAC, Washington, D.C. 1984. 
3. Heath, H . B. Can. Inst. Food Tech. J. 1968, 1(1), pp. 9 - 36. 
4. Code of Federal Regulations, Title 21, U.S. Government Printing Office. 

1995. 
5. Source Book of Flavors; Reineccius, G. Α., Ed.; Second ed.; Chapman and 

Hall, One Penn Plaza, New York, N Y , 1994, pp 234 - 255. 
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Chapter 2 

Methods of Bacterial Reduction in Spices 

W. Leistritz 

SpiceTec Limited, 185 Alexandra Way, Carol Stream, IL 60188 

There are three major methods for bacterial reduction currently being used 
in the spice industry. These are ethylene oxide, irradiation and steam. 
Irradiation has received a great deal of press and although the popularity of 
this method is increasing, there is still whether or not the consumer will 
accept it. The industry has scientific theory but the consumer activists are 
concerned about the unknown future consequences of the technology. 
Another method that is not new bu has not been used in the U.S. is steam 
sterilization using superheated steam. This is a consumer friendly method 
that may be the solution that the world is looking for. The method is 
effective and viewed as being safe. A comparison of the three methods will 
be presented and the advantages and disadvantages of each method detailed. 

Spices are grown all over the world, in many cases it is in areas where the cleanliness is 
not closely controlled. There is no effort made to limit contamination of the spices wither 
during growing or harvesting. While there are some specifications and regulations 
concerning imported spices, it is often necessary to process the spices to reduce the 
bacterial load prior to use in food products. The bacterial load varies with the type of 
spice and total plate counts in excess of one million colony fonning units per gram have 
been reported in some spices (7). Different types of pepper are known to often have very 
high bacterial counts. 

The original need sterilized spices came from a demand by the U.S. armed forces. 
Prior to World War Π, they were seeking foods that could be held for long periods of time 
without spoiling. One source of the bacterial contamination that reduced the shelf-life of 
some products was the spice or seasoning being used. By reducing the level of bacteria 
in the spice, products could be made with significantly longer shelf-lives. The method for 
doing this needed to destroy the bacteria without changing the flavor or color of the spice. 
Sterilization techniques were developed and were so successful for products made for the 
armed forces, that it soon became a generally accepted technique for most spices and 

© 1997 American Chemical Society 
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8 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

seasonings. A l l spices and seasonings do not require bacterial reduction, but there is a 
risk factor with all of the materials. The food maniifacturer needs to weigh the risks of 
using materials that potentially have a high bacterial load with any negative perception 
there may be with the processing of the spice. 

The treatment of spices to reduce the bacterial load is often referred to as 
sterilization. In some cases, the spice may actually be sterilized, however, a more accurate 
term is bacterial reduction. The first method that was developed to reduce the bacterial 
load on spices involved the use of ethylene oxide gas. One company that is using a 
version of this method today is Griffith MicroScience. The treatment consists of a timed, 
low temperature cycle of vacuum gassing with ethylene oxide or propylene oxide. The 
general process flow is described below. 

1. Product is placed in a sealed chamber about the width of a standard U.S. pallet 
(40 χ 42 in). The chamber may vary in length and height, but it is critical that it 
not be too wide. 
2. A vacuum is pulled within the chamber. 
3. The chamber is heated to bring the temperature up to 110 -120 F. 
4. Humidity is introduced. (It should be noted that the combination of heat and 
humidity are essential to activate the microorganisms within the spice.) 
5. Ethylene oxide gas is introduced into the chamber. 
6. The spice is held in the chamber under these conditions for a specified period 
of time which is directly related to the bulk density of the spice and the level of 
bacterial reduction that is desired. 
7. The gas is expelled from the chamber and it is flushed several times with air 
prior to returning it to atmospheric pressure. 
8. The product is then removed to a quarantine area until it is proven that no 
residual gas can be detected. 

This is a proven method for spices, particularly with whole spices and seeds. However, 
the use of gas for ground spices is controversial today. This method is capable of 
reducing the bacterial load by at least lx lO 7 . The process may be repeated if the initial 
result does not meet customer requirements. Using ethylene oxide gas does require a 
loner time period than irradiation or steam, with a typical process requiring anywhere 
from 12 to 18 hours. Productivity is influenced by the size and amount of chambers 
available. The cost per pound of spice treated is based upon volume treated, bulk density 
and length of time required to obtain the desired bacterial reduction. 

Irradiation has become a popular method of reducing bacteria in spices and 
seasonings since its introduction in the early 1980's, according to the personnel at 
SteriGenics in Schaumberg, IL. Through the controlled release of Cobalt 60, spices pass 
through a beam of gamma energy that destroys bacteria. The amount of energy is called 
the radiation absorbed dose and is measured in rads (1 rad = 100 ergs/g). Most spices are 
treated at a level of 1.0 -1.5 rads which is less than 50% of the rate allowed by the Food 
and Drug Administration (FDA). The gamma process requires control of only one 
parameter and that is time of exposure. SteriGenics literature notes that their process is 
lethal to spoilage and pathogenic microorganisms in spices. The following steps describe 
the SteriGenics method for use of irradiation to reduce bacteria in spices. 
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2. LEISTRTTZ Methods of Bacterial Reduction in Spices 9 

1. Product is loaded onto a carrier and travels along a conveyor through a series 
of doors and locks into the cell area containing cobalt 60. 
2. The product passes around and then through two shelves of isotopes where the 
greatest percentage of bacterial reduction occurs. While in the cell, the product 
is bombarded with energy at lower levels as well. 
3. The product returns through the series of doors and locks on a timed schedule 
and program to its origin. The entire process takes between 5 and 15 hours, 
depending upon the initial bacterial load and the reduction that is required. 

This is a cost effective method that offers a number of benefits to the consumer. The main 
benefit is its overall effectiveness. There is no moisture added to the spice and there are 
no adverse effects on the volatile oils or nonvolatile components so the flavor profile is 
not negatively impacted. The irradiation will completely penetrate packaging materials 
so that they can be processed without the need of opening a package. 

The major concern with irradiation centers upon the fear of consumer activist 
groups, both domestic and international, that not enough data has been gathered to 
determine the long term effects of eating food products which have been irradiated or 
which contain ingredients that have been irradiated. For this reason, the use of irradiation 
of spices and seasonings has been banned in several foreign countries. Some U.S. food 
manufacturers have also made it a policy not to use any ingredients which have been 
irradiated. SteriGenics, the leading company offering irradiated spices is currently 
addressing these concerns both to governmental agencies and to consumer groups. 

The use of steam to reduce the bacterial count in spices has been gaining 
momentum due to the concerns with the safety of both gas and irradiation. Steam is 
considered to be a safe form of bacterial reduction throughout the world. There are two 
methods of steam bacteria reduction being offered in the U.S. today. One of these is a 
wet method and the other is a dry process. 

There are several methods of wet steam systems for bacterial reduction available 
in the U.S. These include the MicroMaster process used by McCormick, Fuchs Micro 
control and the Kikkoman continuous steam process. These systems use either closed 
chambers or continuous feed systems. The key to all of these systems is the ability to 
penetrate the whole spices or seeds with wet steam at a temperature of 100 C or greater 
for a specified period of time. The bulk density is another critical factor which helps 
determine the flow rate, moisture pick-up and eventually the cost per pound. 

A consistent concern with the wet steam process is the ability to properly dry the 
spice during with one pass or treatment after sterilization. It may become necessary to 
re-dry the product at a lower temperature to achieve the desired moisture levels. The 
overall costs for using wet steam match those of using gas. 

The use of dry steam (superheated) is the latest steam technology being used for 
spices and seasonings. The equipment to produce spices by this method was recently 
installed by SpiceTec Ltd. in their plant in Carol Stream, IL. It is the first use of this 
method in the United States. The process flow for this system is described below. 

1. Continuous precleaned product is dropped through an airlock into a closed 
chamber that contains a shaking bed. 
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10 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

2. The product is sterilized quickly at a temperature between 108 and 125 C. 
During this process, the steam is super-heated and turns into saturated steam or 
vapor. A continuous airflow system begins the cooling of the spices immediately. 
3. The product drops through an airlock into a second closed chamber where the 
cooling process is continued with ambient air without the development of 
condensatioa Dust is filtered out during the entire process. 

This process, which is viewed as being safe also offers a number of benefits. Continuous 
flow of the product yields excellent productivity. A l l different forms of spices can be 
treated including whole and ground spices, herbs and ground seasoning blends. The 
efficiency of the process offers the potential for cost savings when compared to both the 
gas and wet steam process. 

A l l three methods of sterilization or bacterial reduction offer both benefits and 
disadvantages. Irradiation is the most effective means of bacterial reduction, however, 
there are consumer concerns about the safety of the product. Ethylene oxide is a proven 
method that has been in use for years but has recently come under the scrutiny of FDA 
and the Environmental Protection Agency (EPA). The wet steam process is not quite as 
effective as irradiation and the cost is slightly higher, however, it is regarded as a safe 
method. The dry steam method is highly effective and the newest method available. It 
is more expensive than irradiation but less expensive a process than both ethylene oxide 
and wet steam No one method is perfect. The selection of the method to be used is up 
to the individually processor and must meet the needs of the customer. 

1. Reineccius, G., Ed., Source Book of Flavors, Chapman and Hall, New York, 1994, p. 
244. 
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Chapter 3 

The Principal Flavor Components 
of Fenugreek (Trigonella foenum-graecum L.) 

Imre Blank, Jianming Lin , Stéphanie Devaud, René Fumeaux, 
and Laurent B. Fay 

Nestec Limited, Nestlé Research Center, Vers-chez-les-Blanc, 
P.O. Box 44, CH-1000 Lausanne 26, Switzerland 

3-Hydroxy-4,5-dimethyl-2(5H)-furanone (sotolone) was established as 
the character impact flavor compound of fenugreek on the basis of gas 
chromatography-olfactometry. Sotolone was found to occur 
predominantly in the (5S) enantiomeric form (95%) and to have a 
δ13CPDB value of -19.7%o. About 2-25 ppm sotolone were determined 
in fenugreek of different origins using the isotope dilution assay 
technique. Sotolone was generated in model systems by thermally 
induced oxidative deamination of 4-hydroxy-L-isoleucine (HIL) using 
different carbonyl compounds. Up to 24 mol% yields were obtained by 
boiling HIL and methylglyoxal as reactive α-dicarbonyl at pH 5 for 10 
h. Strecker degradation of HIL was found to be a competitive reaction 
resulting in the formation of 3-hydroxy-2-methylbutanal. The lactone 
of HIL, 3-amino-4,5-dimethyl-3,4-dihydro-2(5H)-furanone, was found 
to be a better precursor of sotolone. It generated about 36 mol% 
sotolone in the presence of methylglyoxal. 

Fenugreek is the dried seed of Trigonella foenum-graecum L. (Fabaceae). The plant 
is an annual herb widely cultivated in Mediterranean countries and Asia (7). The pods 
contain about 10-20 yellowish seeds with an appetizing pleasing aroma. Toasted and 
ground fenugreek seed is an essential ingredient of curry powders and is often mixed 
with breadstuffs. It is used as a seasoning in food products such as pickles, chutneys, 
vanilla extracts, artificial maple syrup, and others. 

Several volatile constituents have been reported in fenugreek (2), mainly 
terpenes and fatty acids. However, no systematic work has yet been published on 
compounds that contribute to the characteristic aroma of fenugreek. 3-Hydroxy-4,5-
dimethyl-2(577)-furanone (sotolone) was suggested as an important volatile 
constituent of fenugreek due to its seasoning-like flavor note (3, 4). 

© 1997 American Chemical Society 
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3. BLANK ET AL. Principal Flavor Components of Fenugreek 13 

Sotolone is a powerful flavor compound found in several foods and spices (5). 
It contributes to the burnt/sweet note of aged sake (6), cane sugar (7), and coffee (8); 
to the spicy/curry note of lovage (9) and condiments (70); as well as to the 
nutty/sweet flavor of botrytized wines (77) and flor-sherry wines (72). The flavoring 
potential of sotolone is due to its low threshold values, that of 0.02 ng/1 air (8), 
0.3 μg/l water (detection/nasal, 10), and 0.036 μgΛ water (detection/retronasal, 73). 

The structural similarity between sotolone and 4-hydroxy-L-isoleucine (HIL), 
the most abundant free amino acid in fenugreek seeds, was pointed out (14, 15). It 
was postulated that this unusual amino acid could be the precursor of sotolone in 
fenugreek (75) (Figure 1). This hypothesis has recently been supported by the fact 
that only the (55) enantiomer of sotolone was found in fenugreek (16). This is in good 
agreement with the stereochemistry of EDDL isolated from fenugreek, i.e. (25,37^45) 
(77). However, these authors failed to discuss possible formation pathways. 

(2S,3R,4S)-YSL (55)-Sotolone 

Figure 1. Stereochemistry of 4-hydroxy-L-isoleucine (HIL) and sotolone found in the 
seeds of fenugreek (Trigonella foenum-graecum L.). 

The purpose of the present study was to identify those volatile compounds 
which significantly contribute to the seasoning-like note of fenugreek using the 
approach of sensory directed chemical analysis. Gas chromatography in combination 
with olfactometry and mass spectrometry have been used as key steps of this 
approach (18,19). The formation of flavor impact compound(s) was studied in model 
systems using the quantification technique Isotope Dilution Assay (20, 21). The 
mechanistic study was based on a hypothetical pathway proposed for the formation of 
sotolone via thermally induced oxidative deamination of HIL (10). 

Experimental 

Materials. Commercially available fenugreek seeds of different geographical origins 
and fenugreek oleoresin were used. Sotolone was from Aldrich and diethyl 2-methyl-
3-oxobutanedioate, L-isoleucine, methylglyoxal (40% in water), phenylglyoxal, 2,3-
butanedione, and 2,3-pentanedione from Fluka. Solvents and other chemicals were of 
analytical grade from Merck. 

Synthesis. 3-Amino-4,5-dimethyl-3,4-dmydro-2(57/)-furanone hydrochloride (ADF) 
and 4-hydroxy-L-isoleucine (HIL) were obtained as diastereomeric mixtures by 
photochemical chlorination of L-isoleucine (Figure 2a), i.e. (3S,4R,5R/3S,4R,5S) and 
(2S,3R,4R/2S,3R,4S), respectively (77, 22, 23). [5,6-13C]-3-Hydroxy-4,5-dimethyl 
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14 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

2(5//)-furanone ([13C2]-sotolone) was prepared by condensation of diethyl 2-methyl-
3-oxobutanedioate and [l,2-13C]-aeetaldehyde followed by lactonization and 
subsequent decarboxylation under strongly acidic conditions (Figure 2b) (10). The 
structures of the synthesized compounds were verified by elemental analysis, mass 
spectrometry (MS), and nuclear magnetic resonance spectroscopy measurements ( 1 H-
NMR, 1 3 C-NMR) (24). 

Gas Chromatography-Olfactometry. GC-0 was performed on a Carlo Erba (Mega 
2) equipped with a cold on-column injector, FID and a sniffing-port. Fused silica 
capillary columns of medium (DB-OV 1701) and high polarity (DB-FFAP) were used 
as previously described (9), both 30 m χ 0.32 mm with a film thickness of 0.25 μπι. 
The temperature program was: 50°C (2 min), 6°C/min to 180°C, 10°C/min to 240°C 
(10 min). Linear retention indices (RI) were calculated according to van den Dool and 
Kratz (25). The sensory significance of each odorant was evaluated and expressed as 
the flavour dilution (FD) factor (18). 

Mass Spectrometry 

Qualitative Analysis. Electron impact (EI) and positive chemical ionisation 
(PCI, ammonia) mass spectra were obtained on a Finnigan M A T 8430 mass 
spectrometer. MS-ΕΙ were generated at 70 eV and MS-CI at 150 eV with ammonia 
as the reagent gas. Non-volatile samples were directly introduced into the ion source 
held at 200 °C. Volatile components were introduced via a Hewlett-Packard HP-5890 
gas chromatograph (GC-MS) using a cold on-column injection. DB-FFAP fused silica 
capillary columns were used (30 m χ 0.25 mm, film thickness 0.25 μπι). The carrier 
gas was helium (90 kPa). The temperature program was: 50°C (2 min), 4°C/min to 
180°C, 10°C/min to 240°C (10 min). 

Quantitative Analysis. Sotolone was quantified by isotope dilution assay 
using [13C2]-sotolone as internal standard (10, 24). Quantification experiments were 
performed with a HP-5971 GC-MS using the following conditions: DB-Wax capillary 
column (30 m χ 0.25 mm, film thickness 0.25 μτη); carrier gas: helium (100 kPa); 
splitless injection (250°C); temperature program: 20°C (0.5 min), 30°C/min to 100°C, 
4°C/min to 145°C, 70°C/min to 220°C (10 min); EI ionisation at 70 eV; selected ion 
monitoring (SIM) of sotolone (m/z 128) and the labeled internal standard (m/z 130). 
The concentration of sotolone was calculated from the peak areas using a calibration 
factor of 1.1 (Figure 3). A good linearity was found in the concentration range 3-150 
μg/ml. A l l samples were injected twice. 

Fast Atom Bombardment (FAB-MS). This was applied to study the 
lactonization of HIL to ADF. FAB-MS was performed on a Finnigan M A T 8430 
double focusing mass spectrometer. FAB ionisation was carried out with a saddle-
field atom gun (Ion Tech, Teddington, UK) which was operated at 2 mA and 7-8 kV 
with xenon. Glycerol was used as matrix. The positive ions at m/z 130 (protonated 
molecular ion of ADF) and 148 (protonated molecular ion of HIL) were recorded. 

Isotope Ratio Mass Spectrometry (GC-IRMS). This was performed with a 
Finnigan M A T delta S isotope MS coupled on-line with a Varian 3400 GC via a 
combustion interface. Isotope ratios were expressed as δ-values [%o] versus the PDP 
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3. BLANKET AL. Principal Flavor Components of Fenugreek 15 

ψ*2 a ^ - H C l OH N H 2 

/ γ γ Ο Η l .C l^hv ^ \—S l.Dowex50WX8 ^J^J^OH 
Χ Τ 2. Hydrolysis ^ Q X 0 2. NH 4OH Τ J 

ADF HIL 

Β 
OEt 

Ο Ο Y r -Τ* 3& Ύ:. ^ 
[13C2]-Sotolone 

O E t EtOH * 0 ~ EtOH,CO. 

\ ui OH 

Figure 2. Synthesis of 4-hydroxy-L-isoleucine (HIL) and 3-arnino-4,5-dimethyl-3,4-
dihydro-2(5#)-furanone hydrochloride (ADF) (A), and [5,6-13C]-3-hydroxy-4,5-
dimethyl-2(5//)-furanone ([13C2]-sotolone, used as internal standard) (B). 

9.00 

9.00 

Ion m/z 128 
sotolone 

56 
H 3 C OH 

H 3 C ^ o X ^ ° 

' I 1 1 1 1 I 1 • ι 1 • • • ι 

10.00 11.00 12.00 13.00 14.00 

14. 
Ion m/z 130 
labeled sotolone 

56 

H 3 C OH 

10.00 
1 1 I 1 1 1 1 I 1 

11.00 12.00 13.00 

Retention time (min.) 

14.00 

Figure 3. Quantification of sotolone by isotope dilution assay using 13C2-sotolone as 
internal standard. The ions m/z 128 and m/z 130 were recorded by GC-MS operating 
in the selected ion monitoring mode. (Adapted from ref. 24.) 
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16 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

standard having a [ 1 3C]/[ 1 2C] isotope ratio of 0.011237 for C 0 2 yielded by 
combustion of fossil CaC0 3 (Peedee Belemnite). The GC was equipped with a DB-
FFAP fused silica capillary column (30 m χ 0.25 mm, film thickness 0.25 μτη) using 
helium as carrier gas (100 kPa) and the split injection mode (220°C). The temperature 
program was the same as mentioned above. 

Sample Preparation 

Qualitative Analysis for GC-OIfactometry. The ground fenugreek seeds 
(100 g) were extracted with diethyl ether (Et 20, 200 ml) by stirring the suspension for 
5 h. The solvent was separated and the extraction was continued with additional 
solvent (200 ml) overnight. The extracts were combined, filtered and concentrated 
(80 ml) on a Vigreux column. Non-volatile by-products were separated by vacuum 
sublimation (VS), i.e. trapping volatiles under high vacuum conditions (2-10"4 mbar) 
into traps cooled with liquid N 2 (21). The sample was introduced drop-by-drop into 
the vacuum system to increase the yields. Then, E t 2 0 (30 ml) was added to the 
residue and the isolation procedure was repeated. The condensates of the traps were 
combined and concentrated to 1 ml on a Vigreux column. 

Qualitative Analysis for GC-IRMS. Sotolone was isolated from fenugreek 
oleoresin. An aqueous solution of the oleoresin (35.5 g/100 ml) was extracted with 
E t 2 0 containing 5 % ethanol (5 χ 100 ml). The organic phase was concentrated to 
100 ml and extracted with Na 2 C0 3 (0.5 mol/L, 3 χ 100 ml). After acidification of the 
aqueous phase to pH 2 (HC1, 5 mol/L), sotolone was re-extracted with E t 2 0 (4 χ 100 
ml). The sample was dried over anhydrous Na 2 S0 4 and concentrated to 20 ml. 
Sotolone was separated from nonvolatile by-products by sublimation in vacuum (10'2 

mbar) (21). The condensates of the traps were collected and concentrated to 2 ml. 
Qualitative Analysis for F A B - M S . HIL was dissolved in phosphate buffers 

(0.1 mol/L) with different pH values (pH 3.0, 4.0, 5.0, 6.0, and 7.0). The solutions 
were boiled for 1 h in sealed glass tubes. The samples were rapidly cooled down and 
directly analysed by FAB-MS. 

Quantitative Analysis in Fenugreek Seeds (10). The material (5-10 g) was 
homogenized in waterethanol (50 ml, 95:5). [1 3C2]-Sotolone (10-20 μg) was added 
as internal standard and the suspension was stirred for 30 min. After centrifugation 
(30 min, 10000 rpm), the supernatant was extracted with Et 2 0. The acidic 
components were isolated with N a 2 C 0 3 (0.5 mol/L). The aqueous solution was 
acidified to pH 3 (5 mol/L HC1) and re-extracted with Et 2 0. Finally, the organic layer 
was washed with saturated NaCl solution, dried over N a 2 S 0 4 and concentrated to 
about 0.2 ml using a Vigreux column and micro-distillation. 

Quantitative Analysis in Model Experiments (24). HIL (2-10 mg) and 
ADF-HCl (2-10 mg) were each dissolved in a phosphate buffer (0.1 mol/L, pH 5.0). 
After adding the carbonyl reactant, the solution was boiled for 1 h in a sealed glass 
tube. The molar ratio of precursor to carbonyl was 1:10. Water and the internal 
standard ([13C2]-sotolone) were added to the cooled reaction mixture. The sample 
was saturated with NaCl and the pH adjusted to 4 (HC1, 1 mol/L). Sotolone was 
extracted from the reaction mixture with E t 2 0 for 8 h. The extract was dried 
(Na2SC>4) and concentrated to 1 ml. Al l experiments were performed in duplicate. 
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3. BLANK ET AL. Principal Flavor Components of Fenugreek 17 

Results and Discussion 

Aroma Composition of Fenugreek. Liquid-liquid extraction using diethyl ether 
resulted in an aroma extract which represented the characteristic note of the original 
product, that i.e. is seasoning-like, spicy, herbaceous, and fenugreek-like. The 
representativeness of the samples before and after purification was checked by 
sensory evaluation. 

GC-Olfactometry (GC-O) was used to detect the odor-active compounds 
present in the aroma extract of fenugreek. It is a simple but effective method to select 
those volatiles which contribute to the overall flavor (18, 19). On the basis of GC-O, 
seventeen odorants were detected in the original aroma extract (Figure 4). An aroma 
extract dilution analysis (AEDA) was applied to classify the aroma composition into 
three groups having different sensory relevance, "high" (no. 17), "medium" (nos. 4, 6, 
16), and "background" (nos. 1-3, 5, 7-15). Hence, identification experiments were 
focused on the odorants belonging to the first two groups. Compound no. 17 was of 
particular interest because of its high FD-factor and characteristic seasoning-like note. 

FD-factor (2 1 ) 

14 

12 H 

10 

8 

6 

4 

2 H 

high sensory relevance 

medium sensory relevance 

background note 

17-

16 
15 

Τ 
800 1000 1200 1400 1600 1800 2000 2200 

(Retention index, F F A P ) 

Figure 4. FD-chromatogram of an aroma extract obtained from fenugreek seeds. 

The chemical structures (Figure 5) of the odorants were mainly elucidated by 
GC-MS (Table I). Compound no. 17 was identified as sotolone (Figure 6A). Sotolone 
is likely the character impact compound of fenugreek as indicated by the high FD-
factor of 2 1 4 , correspondingly low sensory threshold and characteristic aroma note. 
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18 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Sotolone was detected by GC-O even after more than 10000-fold dilution of the 
original aroma extract. Its FD-factor was significantly higher than those of acetic acid 
(FD= 27), (Z)-l,5-octadiene-3-one (FD= 25), and 3-amino-4,5-dimethyl-3,4-dihydro-
2(5//)-furanone (FD= 25) which belong to the group with medium sensory relevance 
(Figure 4). 

The FD-factors of the remaining compounds were lower. They most likely 
contribute to the background of the fenugreek flavor. These odorants are short chain 
fatty acids (nos. 10, 11, 14), lipid degradation products (nos. 3, 12), and alkylated 
methoxypyrazines (nos. 5, 7). All odorants listed in Table I, except nos. 15 and 17, 
were identified for the first time as constituents of fenugreek aroma. 

Table I. Odor-active Compounds Detected in an Aroma Extract of Fenugreek 
Seeds on the Basis of G C - O (n is the number of dilution steps) 

No Compound Retention index Aroma quality FD-factor 
FFAP OV-1701 (GC-O) (2n) 

1 Diacetyl8 990 680 Buttery 1 
2 Unknown 1020 n.d. Fruity, metallic 3 
3 l-Octene-3-oneb 1296 1065 Mushroom-like 4 
4 (Ζ)-1,5-Octadiene-3 -oneb 1369 1090 Metallic, geranium-like 5 
5 3-Isopropyl-2- methoxypyrazineb 1428 1145 Roasty, earthy 3 
6 Acetic acida 1445 785 Acidic, pungent 7 
7 3-Isobuty-2- methoxypyrazineb 1518 1235 Roasty, paprika-like 3 
8 Linalool8 1543 1193 Flowery 4 
9 Unknown 1554 n.d. Sulfury, roasty 3 

10 Butanoic acida 1624 968 Sweaty, rancid 3 
11 Isovaleric acid8 1663 1025 Sweaty, rancid 4 
12 Unknown 1760 n.d. Fatty 3 
13 Unknown 1823 n.d. Flowery, citrus-like 3 
14 Caproic acid8 1845 1163 Musty 3 
15 Eugenof 2163 1500 Spicy 4 
16 3 -Amino-4,5 -dimethyl- 2190 n.d. Seasoning-like 5 

3,4̂ iihydro-2(5/0-iuranone8 

17 Sotolone8 2210 1350 Seasoning-like 14 

8 Identification by comparison with the reference compound on the basis of retention 
indices, aroma quality and GC-MS. 

b Identification by comparison with the reference compound on the basis of retention 
indices and aroma quality. The amounts were too small for verification by GC-MS. 

n.d. not determined 

Terpenes and terpenoid compounds do not play a major role. Only linalool 
was detected by GC-O (no. 8). Most of the terpenes identified by GC-MS were 
odorless at the concentration present in the aroma extract, i.e. a- and β-pinene, 
sabinene, 3-carene, menthol, β-terpineol, cineol, anethol, β-terpinyl acetate, l-p-
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3. BLANK ET AL. Principal Flavor Components of Fenugreek 19 

menthen-8-yl acetate, carvone, and several sesquiterpenes. Further volatiles of low or 
no sensory relevance were 1-pentanol, 1-hexanol, 2-methyl-2-butene-l-ol, 2-methyl-
2-butenal, 2-pentylfuran, formic acid, propanoic acid, and further longer chain fatty 
acids, γ-butyrolactone and several 5-alkylated γ-lactones, 3-aniino-4,5-dimethyl-
2(3//)-furanone, and others. 

17 16 

8 15 5 7 

Figure 5. Sensory relevant compounds identified in the aroma extract of fenugreek. 
The numbers correspond to those in Table I. 
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20 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 
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Figure 6. Mass spectra of 3-hydroxy-4,5-dimethyl-2(5//)-furanone (sotolone) (A) and 
of 3-ammo-4,5-dimemyl-3,4-dihydro^ (B). 

Stereoisomeric Characterisation of Sotolone. In fenugreek seeds, sotolone occurs 
predominantly in the (5S) enantiomeric form (95%). This is in good agreement with 
the data reported by Sauvaire et al. (16). 

The ô 1 3 C values of natural and synthesized sotolone were determined by 
isotope ratio mass spectrometry (IRMS) using the G C combustion technique (26). As 
shown in Table Π, natural sotolone was characterised by a Ô 1 3CPDB value of -19.7%o. 
On the contrary, a racemic mixture of synthesized sotolone showed a significantly 
higher value (-23.3%o). 

Sotolone isolated from a commercial product revealed a Ô 1 3CPDB value of 
-22.3%o indicating a mixture of natural and synthetic compounds. This was corifinned 
by chirospecific G C analysis resulting in a ratio of 65:35 for (5S):(5R). Hence, both 
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3. BLANK ET AL. Principal Flavor Components of Fenugreek 21 

GC-IRMS and chirospecific GC suggest that about 2/3 of the sotolone found in the 
commercially available liquid seasoning was contaminated with synthetic sotolone. 

Table Π. 5 1 3C Values (%o PDP) of Sotolone of Synthetic and Natural Origin 

Sotolone S13C (%o) 

Synthetic -23.30 ±0.20 
Natural (fenugreek oleoresin) -19.69 ± 0.20 
Natural (fenugreek seeds) -19.75 ± 0.20 
Liquid seasoning (commercial) -22.28 ± 0.20 

Quantitation of Sotolone in Fenugreek. The concentration of sotolone was 
determined by isotope dilution assay (10, 24) using labelled sotolone as internal 
standard. As shown in Table ΙΠ, the typical concentration range of sotolone was 
about 3-12 mg/kg fenugreek seeds. However, the amounts depend on the 
geographical origin. Fenugreek seeds from Egypt smelled more intensely and, in 
agreement with that, more sotolon was found in these samples. Some Trigonella 
species do not contain any sotolone as reported by Sauvaire et al. (16) and, 
consequently, they lack the characteristic seasoriing-like note. 

The sensory relevance of sotolone is due to its low threshold value of 0.3 
μg/kg water (10). In fenugreek seeds, the concentration of sotolone is usually at least 
3000 times higher than its threshold, thus indicating the sensory impact of sotolone to 
the overall flavor of fenugreek and products containing fenugreek. As shown in Table 
ΙΠ, high amounts of sotolone were found in curry powder and some commercial 
liquid seasonings. 

Table ΙΠ. Concentration of Sotolone in Fenugreek and Products Containing 
Fenugreek 

Sample Sotolone [mg/kg] 

Fenugreek, seed (Egypt, 1985) 25.1 
Fenugreek, seed (Egypt, 1995) 12.2 
Fenugreek, seed (Australia, 1991) 4.2 
Fenugreek, seed (France, 1996) 3.3 
Fenugreek, seed (India, 1996) 5.1 
Fenugreek, seed (Turkey, 1995) 3.4 
Curry powder (containing fenugreek) 39.7 
Liquid seasoning A 1.4 
Liquid seasoning Β 88.9 
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22 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Formation of Sotolone from Precursors 

Precursors Present in the Aqueous Extracts of Fenugreek Seeds. The 
presence of glycosidically bound sotolone was examined by treating an aqueous 
extract of fenugreek with a- and β-glucosidases. As shown in Table IV, this 
enzymatic treatment did not significantly enhance the amounts of sotolone compared 
to the reference sample. On the other hand, boiling of the extract under acidic 
conditions (pH 2.4) for 1 h led to a more than 10 fold increase. 

These trials indicate the presence of precursors in fenugreek that can be 
transformed to sotolone using specific conditions, particularly an acidic medium and 
heat treatment. 4-Hydroxy-L-isoleucine, known to be a characteristic aniino acid of 
fenugreek (14, IS), may be one of these precursors. 

Table IV. Formation of Sotolone from Precursors Present in the Aqueous 
Extracts of Fenugreek Seeds. 

Addition to the Reaction conditions Sotolone 
aqueous extract pH Τ [°C] t [min] [mg/kg] 

None 6.8 25 120 18.9 
a-Glucosidase (200 U) 6.8 25 120 19.2 
β-Glucosidase (200 U) 6.8 25 120 20.2 
None 2.4 100 60 252.3 

SOURCE: Adapted from ref. 10. 

Formation of Sotolone from 4-Hydroxy-L-isoleucine (HIL). The formation 
of sotolone was studied in phosphate-buffered model systems (pH 5.0) by reacting 
HIL with different mono- and α-dicarbonyl compounds at 100°C for 1 h. Both 2,3-
butanedione and 2,3-pentanedione formed only low amounts of sotolone (Table V). 
Higher yields were achieved with the oc-ketoaldehydes methylglyoxal (7.4 mol%) and 
phenylglyoxal (2.5 mol°/o), producing about 70-200 times more sotolone than the 
corresponding reaction with the α-diketones. Monocarbonyl compounds, such as 
propionaldehyde and phenylacetaldehyde, generated less than 0.1 mol% sotolone (24, 
27). 

Formation of Sotolone from 3-Amino-4,5-dimethyl-3,4-dihydro-2(5J2)-
furanone (ADF). The efficiency of ADF, the lactone of HIL, to generate sotolone 
was tested in the same model system as described above. As shown in Table V, 
significantly higher amounts of sotolone were generated from ADF as compared to 
HIL. Using methylglyoxal, the yields were increased from 64 μg (7.4 mol%) to 274 
μg (35.9 mol%), thus indicating ADF to be a more efficient precursor than the free 
amino acid (HIL). 
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3. BLANKET AL. Principal Flavor Components of Fenugreek 23 

Table V . Formation of Sotolone from the Precursors 4-Hydroxy-L-isoleucine 
(HIL) a and 3-Amino-4,5-dimethyl-3,4-dihydro-2(5i0-furanone (ADF) b Present 

in Fenugreek Seeds. 

a-Dicarbonyl Precursor0 Sotoloned Yield 
HIL ADF [Mg/mgHIL] [mol%] 

2,3-Butanedione + - 0.34 ± 0.03 <0.1 
2,3-Pentanedione + - 0.30 + 0.03 <0.1 
Methylglyoxale + - 64.2 + 0.3 7.4 
Phenylglyoxal + - 22.2 ±0.3 2.5 

2,3-Pentanedione - + 5.4 ±0.3 0.7 
Methylglyoxal - + 274.4 ±3.4 35.9 

a Control experiment (without α-carbonyl) yielded less than 0.01 mol% sotolone. 
b Control experiment (without α-carbonyl) yielded 0.03 mol% sotolone. 
c The molar ratio of precursor to ct-dicarbonyl was 1:10. 
d Data are means of at least two experiments, each injected twice. 
e Control experiment (without HIL) yielded 0.07 μg sotolone. 

Mechanism of the Formation of Sotolone (Figure 7, pathway A) . The 
data reported above corifirm the hypothesis of the formation of sotolone by thermally 
induced oxidative deamination of HIL (10). Acid catalyzed cyclization of HIL leads to 
the corresponding lactone (ADF) which reacts with an cc-dicarbonyl (e.g. 
methylglyoxal) to form a SchifF base (pathway A). Rearrangement and subsequent 
hydrolysis gives rise to sotolone. The data show that α-dicarbonyls are capable of 
generating sotolone from both HIL and the lactone ADF. However, the latter is more 
efficient in producing sotolone. Furthermore, the relatively low yields achieved with 
HIL indicate an alternative degradation pathway. 

Strecker Degradation of H I L as a Competitive Reaction (Figure 7, 
pathway B). The lower yields obtained with HIL might be explained by a partial 
Strecker degradation of the amino acid HIL in the presence of an active a-dicarbonyl, 
e.g. methylglyoxal. As shown in Figure 7, the amino-carbonyl reaction of HIL and 
methylglyoxal results in a Schiff base which may either cyclize or decompose via 
decarboxylation. The Strecker aldehyde of HIL, 3-hydroxy-2-methylbutanal, is 
released by hydrolysis and this compound was tentatively identified by GC-MS (24) as 
a mixture of diastereomers. 

In the sample based on HIL and methylglyoxal, the ratio of Strecker aldehyde 
to sotolone was about 1:2 at pH 5 (Table VI). Consequently, the Strecker 
degradation of HIL is a competitive reaction to the formation of sotolone. In contrast, 
only traces of Strecker aldehyde were detected in the sample containing the lactone 
ADF, i.e. about 50 times less than in the reaction with HIL. The formation of sotolone 
from ADF is the favoured reaction, most likely due to the blocked carboxyl group. 
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24 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Table V I . Ratio of Sotolone to 3-Hydroxy-2-methyIbutanal Formed in Model 
Reactions Based on Methylglyoxal and the Precursors 4-Hydroxy-L-isoleucine 

(HIL) and 3-Amino-4,5-dimethyl-3,4-dihydro-2(5J7)-furanone (ADF) 

pH HIL ADF 

3 1 : 17 1 : 50 
5 1:2 1 :50 
6 1:2 1 :30 
7 1:1.5 1:40 

Figure 7. Formation of sotolone (pathway A) and 3-hydroxy-2-methylbutanal 
(pathway B) from 4-hydroxy-L-isoleucine (HIL) and 3-amino-4,5-dimethyl-3,4-
dihydro-2(5^)-furanone (ADF) using methylglyoxal (MG) as carbonyl reactant. 
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3. BLANK ET AL» Principal Flavor Components of Fenugreek 25 

Influence of the pH. It is well known that both lactonization and the formation of the 
Schiff base strongly depend on the pH of the reaction medium. As shown in Figure 8, 
the lactonization step (HIL —> ADF) was favored under acidic conditions and the 
yields were about 50 % at pH 3, but only 10 % at pH 5. On the other hand, Schiff 
bases are readily formed under neutral and slightly basic conditions. 

The reactivity of the carbonyl compound is another crucial parameter for the 
formation of the Schiff base. cc-Ketoaldehydes are much more efficient than a-
diketones (Table IV) and oc-keto acids, which generate only low amounts of sotolone 
from HIL (27). 

Figure 8. Lactonization of 4-hydroxy-L-isoleucine (HIL) as a function of pH. 

To find the optimum pH, methylglyoxal was reacted with HIL and the lactone ADF, 
respectively. The reaction of methylglyoxal and HIL was favoured at pH 5 which 
apparently is the best compromise between the lactonization step and the reactivity of 
the amino group to form the Schiff base (Figure 7). Once the lactone (ADF) is 
formed, the amino-carbonyl reaction was favoured at pH 5-6. In general, the yields 
obtained with the lactone were significantly higher compared to the amino acid, 
particularly at pH 6 (40.2 mol%). 

The reaction of HIL and methylglyoxal at pH 5 performed in water yielded 2.8 
mol% sotolone compared to 7.4 mol% when using the phosphate buffered system. 
This suggests a catalytic effect of phosphate on the formation of sotolone from HIL. 
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26 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Effect of Reaction Temperature and Time. The sotolone yields from HIL and 
methylglyoxal were strongly dependent on both reaction time and temperature. 
Significant amounts were generated above 70°C (Table VII). At a constant 
temperature of 100°C, the yield of sotolone continuously increased over a period of 
10 h, with no significant increase thereafter (Table VIII). About 23 μg to 210 ug 
sotolone were generated from 30 min to 10 h which corresponds to 2.7 mol% and 
23.8 mol%, respectively. 

Methylglyoxal reacted with HIL at 50°C for 48 h resulted in 3.8 mol% 
sotolone, thus indicating that a long reaction time and mild reaction conditions are 
also suitable for generating significant amounts of sotolone. Therefore, hot climatic 
conditions might favour the formation of sotolone from HIL. 

Table VII . Formation of Sotolone from H I L as a Function of the Reaction 
Temperature Using Methylglyoxal as Carbonyl Reactant a 

Temperature Sotoloneh Yield 
rcj [Mg/mgHILJ [mol%] 

50 0.31 ±0.01 0.03 
60 1.15 ±0.03 0.13 
70 4.00 ± 0.05 0.46 
80 12.5 ± 0.5 1.44 
90 27.9 ± 1.8 3.2 

100 64.2 ± 0.4 7.4 

a Reaction conditions: phosphate buffer (0.1 mol/L, pH 5.0), 50-100°C, 1 h. 
b Data are means of at least two experiments, each injected twice. 

Table V H I . Formation of Sotolone from H I L as Affected by the Reaction Time 
Using Methylglyoxal as Carbonyl Reactant a 

Time Sotoloneb Yield 
[h] frg/mgHIL] [mol%] 

0.5 23.4 ± 0.8 2.7 
1 64.2 ± 0.4 7.4 
2 102.1 ±4.5 11.7 
5 170.2 ±5.1 19.5 

10 206.7 ± 10 23.8 
15 208.3 ± 6.4 24.0 
24 229.9 ± 5.3 26.4 

a Reaction conditions: phosphate buffer (0.1 mol/L, pH 5.0), 100°C, 0.5-24 h. 
b Data are means of at least two experiments, each injected twice. 
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3. BLANK ET AL. Principal Flavor Components of Fenugreek 27 

Conclusion 

The role of (55)-sotolone as a character impact compound of fenugreek was 
corroborated and its formation from 4-hydroxy-L-isoleucine (HIL) via thermally 
induced oxidative deamination was substantiated. The lactone of HEL, 3-amino-4,5-
dimethyl-3,4-dihydro-2(5//)-furanone (ADF), was found to be a better precursor than 
the amino acid. α-Ketoaldehydes were more effective in generating sotolone from 
both HEL and ADF than α-diketones. The reactivity of the dicarbonyl and the 
lactonization step are important parameters, particularly for the formation of the 
Schiff base. The transformation yields from HIL into sotolone greatly depend on the 
reaction conditions, such as temperature, time, pH and amount of dicarbonyl. High 
amounts of sotolone were obtained by boiling methylglyoxal with HIL for 10 h at pH 
5 (24 mol%). Even better results (40 mol%) were achieved using ADF as precursor (1 
h, pH 6), most likely due to inhibition of the Strecker degradation by the blocked 
carboxyl group. 
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Chapter 4 

Vanilla 

Daphna Havkin-Frenkel and Ruth Dorn 

David Michael & Company, Inc., 10801 Decatur Road, 
Philadelphia, PA 19154 

Vanilla is the most widely used flavor in the food and confectionery industries. 
Worldwide annual consumption was 1900 tons in 1995, with 1400 tons 
imported to the U S A alone. 

Vanilla flavor is extracted from the cured bean of Vanilla planifolia, a 
member of the orchid family originated in Mexico. A small amount of beans is 
produced from yet another species - Vanilla tahitensis. Beans (pod-like fruit) 
are produced after 4-5 years of cultivation. Fruit maturation occurs after 10 
months. The characteristic flavor and aroma develops in the fruit after a 
process called "curing", lasting an additional 3-6 months. We established 
tissue culture for vanilla, identified major components in the biosynthetic 
pathway of vanillin and found that tissue culture extract contains major 
components of vanilla flavor present in the bean. Hence, plant tissue culture 
may be an alternative method for vanilla flavor production, for studying the 
vanillin biosynthetic pathway and for micropropagation. 

With a better understanding and ability to manipulate the biosynthetic 
pathway and to regulate cultivar quality and flowering, we may control 
production and consistent quality of the vanilla beans. 

L Agronomic Production Of Vanilla 

Introduction. Vanilla is the world's most popular flavor. Its fruity, floral fragrance 
combined with a deep, aromatic body makes it unique and universally favored. 

Vanilla is an epiphytic orchid native of the tropical region of Mexico. The 
flavoring material is obtained from dry cured pod-like fruits commercially called 
"beans". The generic name Vanilla is derived from the Spanish " vanillia", a 
diminutive of vaina, a pod. Its species name, planifolia, refers to the broad, flat leaf 
of the plant. 

Vanilla became known in Europe following Cortez's conquest of the Aztec 
kingdom in 1519. Many centuries earlier, vanilla was a source of flavoring and used 

© 1997 American Chemical Society 
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by the Aztec emperors who used vanilla to flavor a cocoa drink, which in the present 
day is hot chocolate. The Indians called vanilla "TlixochitF, or black flower (6). The 
Spanish took vanilla back to their homeland and, shortly after, began manufacturing 
chocolate with vanilla flavoring. In England, Hugh Morgan recommended that vanilla 
flavoring should be used with chocolate to serve Queen Elizabeth I, following the 
example of the Aztecs. 

For more than three centuries after Hernan Cortés HVed, Mexico was the only 
vanilla producing country in the world. Many attempts were made to grow the plant 
in other tropical countries but these efforts failed since the plant or vine grew and 
flowered, but no fruits were produced. It was not until 1836 that Charles Morren, a 
Belgian botanist, discovered why vanilla was not able to produce fruit out of Mexico. 
The anatomy of the flower is such that self-pollination is impossible. Morren 
discovered that pollination is carried out by a tiny bee of the MeHipone family which 
HVed in the vanilla growing region of Mexico. It is difficult for other insects to 
replace the tiny bees (3). 

To achieve pollination one needs to remove the rosteuum, a flower structure 
that is a modification of the stigma lying between the male and female organs and 
prevent access of the pollen to the stigma. Pollination is done by removing the 
rostelhim with a sharp object, so that the pollen from the anther can be in contact with 
the stigma. Because the blossom lasts for a very short time (less than a day), 
pollination must take place as soon as the flower opens (6). Charles Morren was the 
first to propose hand-pollination and he was the first to produce vanilla beans outside 
of Mexico. This discovery laid the foundation for a new vanilla industry and broke 
Mexico's monopoly. 

m 1841 Edmond Albhim, a slave in the French-owned island of Reunion, 
discovered a rapid pollination method. With the use of a pointed tip of a small 
bamboo stick, he picked up the adhesive pollen and prying up the flap-like rosteuum 
inside the flower, he pressed the male pollen mass onto the sticky female stigma. This 
method of pollination is still used commercially today. Using the technique described 
above, the French started vanilla cultivation on many of the islands in the Indian 
Ocean. Vanilla plantings were established in Reunion, Mauritius, Madagascar, 
Comoros, Thafila, Brazil, Jamaica and other islands in the West ladies. Vanilla was 
first introduced to the island of Java in 1819 by a Dutch scientist, using vines from 
Madagascar. Commercial production in central Java started in the early 20th century 
and is known as "Java Vanille" (3). 

Today, the primary growing regions in the Indian Ocean are Madagascar, 
Comoros and Reunion. Beans from this area are called Bourbon and represent half of 
the world's vanilla production. Indonesia produces the other half of the world's 
supply with an increase in production and quality. Tahitian vanilla beans, which 
represent another variety, are grown mainly on the island of French Polynesia. 
Vanilla is also beginning to be grown on Tonga. Although vanilla started in Mexico, 
at present Mexico produces a small percent of the world's consumption (Fig. 1). 
Many other countries with suitable climates grow vanilla, but at present remain minor 
production regions (Fig.2). 
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4. HAVKIN-FRENKEL & DORN Vanilla 

Figure 1. U.S General Imports of Vanilla Beans (U.S. Department of 
Commerce, 1995). 

Figure 2. World Vanilla Production. 
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Cultivation 

Species. Vanilla is a tropical climbing orchid. From more than 110 species 
that have been described, only 3 are of commercial value. They are Vanilla 
planifolia Salisb Ames (Vanilla fragrans Andrews), Vanilla tahitenesis, and Vanilla 
pompona. Only V. planifolia and Vanilla tahitenesis are permitted to be used in 
food. V. planifolia, the most important commercially, is cultivated in all the vanilla 
growing areas, except for Tahiti and Hawaii The beans are 10 to 25 cm long and 1 
to 1.5 cm wide. 

V. tahitenesis is indigenous to Tahiti and is different from V. planifolia by 
having slender stems and narrower leaves. The pods are also shorter than V. 
planifolia (6). The V. tahitenesis beans are perfumey and contain anisyl alcohol, 
anisyl aldehyde, anisic acid, and maybe heliotropine which are absent in V. planifolia 
beans. The beans of V tahitenesis command higher market price than V planifolia 
beans. 

Economically, the least important is Vanilla pompona, also known as 
vanillon. It produces an inferior quality bean and in the past was used for perfume 
and tobacco flavor. The plant produces less beans than V. planifolia and has larger 
and wider leaves. However, V. pompona has important traits, including growth under 
more adverse conditions, and resistance to root rot disease that may be used in cross 
breeding. 

Climate. Vanilla needs a warm and moist tropical climate with frequent, but 
not excessive rain. Under excessive rainfall, vanilla may be attacked by mildew and 
root disease. Under drought conditions, the vanilla plant can suffer considerable 
damage, which will result in a small number of flowers and low yield, hi general, 
sloping land that has soil with high organic matter, high water holding capacity and 
access to irrigation in dry years will overcome the problems caused by weather (12). 

Vanilla grows best in 40-50% of normal sunlight intensity. In excessive 
sunlight, the apical buds tend to lose moisture and the growth of the vines is stunted. 
Heavy shade will result in vines with thin stems, small beans, and reduced number of 
flowers and fruits. A shaded area, rainfall between 1000-3000 mm and an average 
temperature of 23° to 29°C year round are the preferred conditions. 

Soil and Nutrients. Vanilla is a shallow rooting plant and grows well in well-
drained humus-rich soil. A top layer of mulch helps keep the moisture in and the 
roots to spread. Soil parameters, such as texture and pH, appear to be more 
important than nutrients. In a heavy rainfall area, good drainage is essential The best 
soil appears to be limestone with a pH of 6.0 to 7.0 and a deep layer of mulch, which 
provides the nutrients, over and around the roots. Although the level of calcium, 
nitrogen, potassium, phosphorous and micronutrients in vanilla are essential for the 
growth and production of beans, much more attention has been given to the type of 
mulch, because mulch appears to be more important than nutrients (11). 
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4. HAVKIN-FRENKEL & DORN Vanilla 33 

Support. The vanilla plant is a climbing orchid and needs mechanical 
support. Support is also needed to provide convenient access for pollination and 
harvesting. Fast growing trees with small branches are preferred and also provide 
shade. However, it is important that the supporting tree will not compete for water 
and nutrients. Trees native to the tropics are commonly used, such as avocado, 
coffee, annatto, orange, etc. In some cases, it is possible to use support trees which, 
themselves, can produce cash crops. In Madagascar, casuarina pine trees are also 
widely used. In most plantations, the support trees are planted before the vanilla 
plants (12). In greenhouses, vanilla can be grown falling down or hanging. 

Propagation. Vanilla is commonly propagated from cuttings usually with 8-
12 nodes. Small cuttings will produce vines, but the larger the cutting, the faster the 
plant will flower. The simplest way to plant is to lay the cutting on the ground and 
cover it with thick layers of mulch. However, this propagation method limits the 
amount of plant material that may be used. Also, the many origins of the cuttings 
represent genetic variability. 

A vine becomes productive after 3-4 years, depending upon the weather and 
soil conditions, and the health of the vine. The vine flowers once a year for 5 or 6 
successive years. After 8 to 10 years, productivity goes down. Drought, insufficient 
mulch, overexposure to sun, and over-pollination can contribute to a reduction in the 
productive period of the vine (4). When planning a new plantation, one has to 
account for the life expectancy of the vines. An hectare of land can hold about 4000 
productive vines. The average yield is 1.5 to 2 kg green beans per vine. A mature 
good quality bean weighs between 15 to 30 grams (12). 

Flowering, Fruit Set, Growth and Maturation. It is well known that 
vanilla vines need to reach a certain maturity before starting to flower. Apparently 
this is to accumulate growth factors or nutrients needed for blossoming. The factors 
affecting the timing and abundance of flowers are not fully understood. However, 
according to Childers et. aL (4) drought, temperature, pruning and the size of the 
original cutting may all influence the flowering. Removal of 4 to 6 inches of the apical 
bud 6 to 8 weeks before blossoming promotes flowering. 

Vines usually blossom for 1 to 2 months. The flowers open early in the 
morning and last for one day. Pollination must be done the same day. Also, in a 
raceme (the flower cluster) only one flower opens per day and about 15 to 20 flowers 
open in daily succession, although not all of them will be fertile. It is desirable to 
pollinate to obtain between 5-10 beans because over-pollination will result in small 
beans and a short production life. 

Because self-pollination is imposable to achieve (Fig.3), hand-pollination must 
be used to obtain a commercial crop. Hand-pollination is done as originally described 
by Edmond Albium in 1841 in Reunion, which consists of removing the rostelhun 
back so that the pollen bearing anther can be pressed against the stigma. Once 
pollination takes place, the development of the pod ensuing with the enlargement of 
the ovary is completed in about 1 and a half to 2 months (3). 
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After the fruit has attained its full size, it takes an additional 5 to 6 months to 
mature and ripen. During the maturation period, the dry weight and the protein 
content increases. Many other physiological changes occur, as yet of unknown 
nature, that result in the production of flavor precursors. 

Curing. The green, mature vanilla bean has no flavor or vanilla aroma. If 
the bean stays on the vine, the typical vanilla flavor will develop after a prolonged 
ripening period. However, in commercial practice, the characteristic flavor and aroma 
of vanilla beans is due to changes taking place during the curing process (2). 

The curing process consists of four steps: 1. Killing 2. Sweating 3. 
Drying, and 4. Conditioning. 

Killing designates a process aimed at abolishing tissue and cellular activity but 
retaining heat. Tolerant enzymatic activity is important for me curing process. The 
most common processes are hot water killing, sun killing, and oven killing. Beans are 
placed in a wire basket and dipped in 65°C water for a few minutes. Killing by heat 
can be done also in an oven or by exposure to the sun for a prolonged time. There is 
a patent for using freezing as another killing method (1). The killing process 
apparently entails the breaking of cell membranes and mixing of previously 
compartmentalized substrates and enzymes. 

Killing is followed by "sweating", which allows excess moisture to escape. 
This reduces bacterial and fungal spoilage, and yet leaves enough moisture for 
enzymatic activity. This is the most important step. Ghicosides, like ghicovanilHn, 
are broken down to vanillin. This is the step by which the typical characteristics of 
the vanilla bean flavor, aroma and color are developed. The duration of the sweating 
process is between 7-10 days. 

Following the sweating step is "drying", which reduces the moisture content 
from 60-70% to 20-30%. The reduced moisture content is typical for a good quality 
cured bean and helps to eliminate any microbial activity and to secure a long shelf life. 
The amount of moisture also affects appearance, flexibility, and quality of the beans. 
In this step it is necessary not to obtain too hot a temperature, because some of the 
flavor and aroma components can evaporate or break down. The drying takes 7-10 
days in the sun, 2-3 hours a day. Oven drying can be employed at 45°-50°C. 
Over drying of the bean will result in an inferior quality bean. 

The last stage is "conditioning", or aging. This can last from a month to 
several months. During this period, the vanilla bean obtains the typical "full flavor". 
Chemical reactions, such as oxidation and hydrolysis are the main events (12). 

Π. Biotechnology Production 

Recent developments in plant tissue culture and the need to gain control on bean 
quality and yield turns our attention to this method as another approach to solve some 
of the problems associated with the agronomic production of vanilla (5). Plant 
tissue culture can be used for three different objectives: 1. micropropagation 
2. production of secondary products and 3. study of biosynthetic pathways. 
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4. HAVKIN-FRENKEL & DORN Vanilla 35 

Micropropagation. In most vanilla that is cultivated, commercial propagation is 
done by cutting. Several reports have shown the possibility of using tissue culture 
techniques to obtain clonal propagation and disease-free vanilla plants (8, 9). We 
used a different approach using seeds as starting material. We were able to germinate 
vanilla seeds under controlled sterile conditions in a petri dish. The seed prefers to 
germinate on the bean flesh (Fig. 4). Young green beans, 1 to 2 months old after 
being pollinated, were surface sterilized with 15% bleach. The beans were cut into 
segments and placed on Gamborg's, B-5 basal medium (7) free of hormone with the 
addition of cefotaxin and vancomycin at concentrations of 100 mg per liter. The 
bean sections were subcumired to a clean plate every two weeks. Germination of 
seeds embedded in the bean sections started after 3-6 months. The emerging embryos 
were transferred to rafts (mesh size 25 microns, Sigma Chemical Company, St. Louis, 
MO), using the same medium without agar (Fig. 5). Each embryo was cut into a few 
small pieces at each subculturing. After a few months, plantlets were formed and 
moved to the greenhouse for hardening, using orchid mix. In an established lab, the 
number of plantlets that can be produced is unlimited. Seeds from young beans 
germinate faster than those from mature beans probably because they have not 
become dormant. 

The technique just described gives us the tools to produce a vast number of 
disease-free plantlets that may be used to select for desirable traits, such as high yield, 
early flowering and superior flavor and aroma of beans. 

Secondary Product In the last few years, there has been an attempt by Escagenetics 
Corporation to commercialize vanilla flavor by using plant cell culture (8). According 
to the published data, they obtained a yield of nearly 100 mg vanillin per liter of 
culture, or roughly 14 mg vanillin per one gram of dry weight of cell mass. It is likely 
that a several fold increase in vanillin yield would be necessary for production to be 
economical. Another but alternative biotechnological approach for the production of 
vanilla is being investigated by Westcott et al (13). They use vanilla roots to convert 
ferulic acid to vanillin. The limiting step here is where one can obtain natural ferulic 
acid for the bioconversion. We used embryo culture, reasoning that differentiated 
tissue will be more conducive than cell suspension to produce secondary metabolites. 
We were able to grow the embryo in up to a 10 L bioreactor with a marine impeller at 
100 rpm, because the embryos are sensitive to high shear. The culture produced a 
larger number of the flavor components that are in vanilla bean (Fig. 6 (a) and (b)). 
The profile of the flavor components in cultured tissues is different than in the bean. 
It is not expected that undifferentiated cultured tissues will produce the same profile 
and similar proportions of flavor components that are produced in the bean which is 
differentiated and a specialized organ. We, therefore, concentrated on the production 
of vanillin, which has the highest economic value. We found that embryo tissue 
produced up to 0.16% vanillin and that a vanilla bean produced between 1-3% 
vanillin on a dry weight basis. At present, it appears that tissue culture production is 
appreciably lower and may not be economical 
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Figure 3. Cluster of Vanilla Flowers. 

Figure 4. Germinating Vanilla Seeds on the Bean Flesh. 
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4. HAVKIN-FRENKEL & DORN Vanilla 

The germinating embryos were held on floating rafts to maximize access to air 
and nutrients. By the end of 60 days, the resulting plantlets were transferred to 
a pot with orchid mix in the greenhouse for hardening. 

37 

Figure 5.. Growth of Germinating Embryos. 

Vanillin Biosynthetic Pathway. Using the approach described previously, we grew 
the embryo culture to study the biosynthetic pathway of vanillin to And out the 
limiting step(s) in the production of the compound. After growing the culture and 
analyzing most of the extractable material, we propose that vanillin biosynthesis starts 
from chain shortening of p-hydroxycoumaric acid, resulting in the production of 
p-hydroxybenzoic acid, p-hydroxybenzyl aldehyde and p-hydroxybenzyl alcohoL We 
observed an accumulation of p-hydroxybenzyl alcohol up to 10% of the dry weight, 
suggesting that the enzyme that catalyzes the hydroxylation of p-hydroxybenzyl 
alcohol to 3, 4-dihydroxybenzyl alcohol is not active, hi homogenized tissue, most of 
the p-hydroxybenzyl alcohol is converted to 3, 4-dihydroxybenzyl alcohol after a few 
hours, suggesting that in intact tissues the enzyme and the substrate are 
compartmentalized. Feeding experiments to the embryos with 3, 4-dihydroxybenzyl 
aldehyde, a by-product of 3,4-dihydroxybenzyl alcohol, led to the accumulation of 
vanillin, indicating that methylation is not a limiting step. 

Given this information, understanding the limiting step can lay the foundation 
for fixture work. By isolating and purifying the enzyme that hydroxylates 
p-hydroxybenzyl alcohol and cloning the gene, we may obtain a culture with a high 
yield of vanillin that can be economically produced. 

Future Opportunities For Biotechnolgy. We have shown that micropropagation of 
vanilla is possible with the use of tissue culture. This technology may be developed 
further to select for cultivars with superior traits. Importantly, it may be used to 
propagate transgenic tissues transfected, for example, with genes to increase the yield 
of vanillin, induce early flowering or disease resistance. 

 O
ct

ob
er

 2
4,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
an

ua
ry

 2
9,

 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

97
-0

66
0.

ch
00

4



38 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

HPLC chromatogram of embryo culture extract. 
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Figure 6 A & 6 B . HPLC Chromatogram. Isocratic separation was used with the 
mobile phase, 85% acidified water and 15% acidified methanol (1.25% acetic acid), 
controlled by a Waters 600E system. A Phenomenox Selectosil CI8 column (250 χ 
4.6 mm) with 5 μπι particle size was used.The peaks were detected at 280 run using 
a Waters 994 photodiode array. 
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4. HAVKIN-FRENKEL & DORN Vanilla 

HPLC chromatogram of Bourbon vanilla beans extract (1 fold). 

Figure 6. Continued 
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Chapter 5 

Onion Flavor Chemistry and Factors 
Influencing Flavor Intensity 

William M. Randle 

Department of Horticulture, 1111 Plant Science Building, 
University of Georgia, Athens, GA 30602-7273 

Although onions are an important vegetable and have nutritional value 
in diets around the world, they are primarily consumed for their 
distinctive flavor or their ability to enhance flavors in other foods. 
Onion flavor is dominated by organosulfur compounds arising from the 
enzymatic decomposition of S-alk(en)yl-L-cysteine S-oxide flavor 
precursors following tissue disruption. Compounds arising from 
precursor decomposition, such as the lachrymatory factor and various 
thiosulfinates give onions their characteristic flavors. Sulfate is 
absorbed by the plant and incorporated through cysteine to glutathione. 
From glutathione, sulfur can proceed through several peptide pathways 
and terminate in the synthesis of one of three flavor precursors. Flavor 
intensity is governed by genetic factors within the onion and 
environmental conditions under which the onions grow. Onion cultivars 
differ in the ability to absorb sulfate and in the efficiency of 
synthesizing flavor precursors. Increased sulfate fertility, higher 
growing temperatures and dry growing conditions all contribute to 
increased flavor intensity in onion. 

Onions (Allium cepa L.) have world-wide importance, ranking second among all 
vegetables in economic importance with an estimated value of $6 billion (1). 
Although onions contribute significantly to the human diet and have therapeutic 
properties, they are primarily consumed for their unique flavor or for their ability 
to enhance the flavor of other foods. Onions are an ancient vegetable and can be 
traced back through archeological records and early writings. Onions were used as 
food, as medicines, in mummification, in art, and as spiritual objects (2). 
Interestingly, onions have been domesticated for so long that they no longer have the 

© 1997 American Chemical Society 
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ability to exist in the wild and require human intervention for survival. In 
contemporary society, onions weave their way through our diet and are consumed 
daily by most people. United States per capita consumption of onions in 1995 was 
approximately 18 pounds compared to 9 pounds in 1975 (per. com., National Onion 
Association). 

Onion Flavor Chemistry 

While compounds such as the water-soluble carbohydrates (sugars) and organic acids 
can contribute to the sensory experience when consuming onions, onion flavor is 
dominated by a special class of biologically active organosulfur compounds (3-4). 
Intact dry-bulb onions have little onion flavor or aroma. Flavor and aroma develops 
only when the onion is damaged or cut and flavor precursor compounds undergo 
enzymatic decomposition to form a variety of volatile sulfur compounds which give 
onions their characteristic taste and aroma. The first sulfur compound associated 
with onion flavor was identified in the 1890's (5). Pioneering research in this 
century among scientists such; as Chester Cavallito, Authur Stoll, Ewald Seebeck, 
nobel laureate Artturi Virtanen, Sigmund Schwimmer, Mendel Mazelis, George 
Freeman, Jane Lancaster, and Eric Block, has characterized many of the sulfur 
compounds contributing to flavor, the biosynthetic pathway for flavor precursor 
development, and the process by which flavor develops once the onion is cut or 
cooked. 

Onion flavor precursor formation begins with the uptake of sulfate (S04~2) by 
the onion, its reduction to sulfide, and subsequent assimilation to cysteine by light-
dependent reactions in the leaves of the plant (6). From cysteine, the sulfur can be 
further metabolized to form other sulfur-containing plant compounds. Sulfur's 
proposed entry into the flavor pathway is via glutathione. Early studies using 
radioactive isotopes suggested that sulfur passed through glutathione and was 
incorporated into S-2-carboxy propyl cysteine or S-2-carboxy propyl glutathione, 
eventually terminating into S-propenyl cysteine sulfoxide (7). Using radioactively 
labeled sulfate in pulse chase experiments, Lancaster and Shaw (8) demonstrated that 
sulfur was first incorporated into γ-glutamyl peptides as biosynthetic intermediates 
prior to terminating in the S-alk(en)yl cysteine sulfoxide precursors. 

There are 3 S-alk(en)yl cysteine sulfoxide flavor precursors in onions: S-(E)-
1-propenyl cysteine sulfoxide is usually found in highest concentration and is 
responsible for tearing and pungency associated with onions; S-methyl cysteine 
sulfoxide which normally occurs in lesser concentrations; and S-propyl cysteine 
sulfoxide which is generally found is the lowest concentration (9). A fourth 
precursor, S-2-propenyl cysteine sulfoxide, is the predominate precursor of garlic, 
and found in other Alliums, but it is not detectable in onions. The pathways leading 
to the synthesis of each flavor precursor are not fully understood, nor do we 
understand the regulation of sulfur through these various pathways. Sulfur is 
thought to be transformed through several peptide intermediate pathways, unique to 
each of flavor precursors compounds (10; Fig. 1). 

The precursors are synthesized and stored in the cytoplasm of the plants's 
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cells (77). Alliinase is compartmentalized in the cell's vacuole. When the 
membrane of the vacuole is broken, alliinase is released and the precursors are 
broken down producing a chain of events. Primary products include short-lived 
intermediate compounds, such as the 1-propenyl cysteine sulfoxide derived 
lachrymatory factor (LF, propanethial S-oxide), and other sulfenic acids from the 
different precursor species. Other primary products are compounds pyruvate and 
ammonia which are more stable. The L F , common to only 1-propenyl cysteine 
sulfoxide accumulating Alliums, produces the tearing, mouth burn, and pungency 
sensations (72). A series of thiosulfmates are then formed which characterize the 
unique flavors and aromas of onion. Early reports of di- and polysulfides and 
thiosulfonates were shown to be "artifacts" of hot injection port and gas 
chromatographic column (13). The different flavor precursors give rise to different 
thiosulfinates which impart distinct flavors to the sensory experience (14). For 
example, the propenyl/propyl thiosulfmates have green raw fresh onion flavors and 
the methyl/methyl thiosulfinates have a cabbage note (Table I). 

TTie thiosulfinates then serve as the progenitor species of virtually all the 
sulfur compounds formed from the cut plant. These compounds are unstable and 
undergo disassociation and rearrangement to form primary headspace volatiles (initial 
products formed from cut onions at room temperature such as the thiosulfinates), 
secondary volatiles (secondary products produced from the thiosulfinates at room 
temperature), and secondary solution components (products formed when 
thiosulfinates stand in solution at room temperatuare) (15). Cut onions sitting on a 
kitchen counter or on a salad bar, therefore, change flavor over time. For a 
thorough discussion of cut onion compounds, see Block, 1992. 

Factors Influencing Flavor Intensity 

Onion flavor intensity is governed by plant genetics and the environmental conditions 
in which the onion grows. In the marketplace, onions vary widely in sulfur-based 
flavor intensity. 
Cultivar Factors and Flavor Intensity. Some onions are very pungent and 
aromatic while others can be eaten raw by the average person with relative ease. 
Onion color has very little to do with how pungent it might be. Red and yellow 
skinned onions can range from being mild to very pungent. White onions, however, 
are usually only pungent to very pungent. Some onions, such as the Grano and 
Granex cultivars can be grown mild with little flavor. Other onions, such as the 
Danvers and Southport cultivars, are very pungent while some, such as the Sweet 
Spanish cultivars, fall between mild and pungent. The genetic potential of a cultivar 
to absorb sulfur and synthesize the flavor precursors greatly determines how 
flavorful an onion will be. 

While the heritability of flavor precursor accumulation in onions has not been 
determined, it is most likely a quantitatively inherited trait. As described earlier, 
the biosynthetic pathway is complex with many peptide intermediates. In addition, 
11 proposed enzymes regulate compound synthesis in the flavor pathway (17). 
Further empirical evidence to support quantitative inheritance of the flavor 
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Sulfate—^Cysteine 

glutamic acid 

g-Glutamylcysteine -> Glutathione 

S-2-carboxy 
propylglutathione 

g-glutamyl-S-propyl 
cysteine <r 

-glutamyl-S-2-carboxy 
propyl cysteine 

g-glutamyl-S-1-
propenylcysteine 

ι i 
g-glytamyl-S-propyl 
cysteine S-oxide 

ι 
S-propylcysteine 
S-oxide 

g-glutamyl-S-1-propenyl 
cysteine S-oxide 

S-(E)-1-Propeny 
cysteine S-oxide 

h Glycine 

S-methylglutathione 

g-glutamyl-S-methylcysteine 

Ψ 
g-glutamyl-S-methyl 
cysteine S-oxide 

V 
S-methylcysteine S-oxide 

Figure 1. The proposed biosynthetic pathway for S-alk(en)yl cysteine sulfoxides in 
onions. 

Table I. Sensory experience of different onion thiosulfinates and lachrymatory 
factor 

Compound Flavor Note 
Methyl methane thiosulfinate cabbage 
Methyl propyl thiosulfmate cabbage/onion 
Propyl methyl thiosulfmate cabbage/onion 
Dipropyl thiosulfmate green onion, chive 
Properiyl methyl thiosulfmate cabbage, onion, metallic 
Methyl propenyl thiosulfinate cabbage 
Propenyl propyl thiosulfinate raw fresh onion 
Thiopropanal S-oxide pungent, heat, mouth burn 
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precursors is the continuous variation found for the different flavor precursors 
within onion and the fact that the growing environment greatly influences precursor 
accumulation (18). Qualitatively inherited traits, which are governed by one to 
several genes, usually form discrete classes and are unaffected by the environment. 

Cultivar differences can begin to be explained in several ways. Some 
cultivars accumulate 2 to 3 times the amount of sulfur as others, and sulfur 
accumulation can be a key element in determining onion flavor intensity (19). If we 
were to assume that cultivars assimilate the available sulfur into the flavor precursors 
with the same efficiency, differences among cultivars could be explained simply on 
how much sulfate enters the plant. However, cultivars differed in their efficiency 
at moving sulfur through the flavor pathway and in synthesizing the various 
precursors (20). The correlation, however, between total bulb sulfur accumulation 
and bulb pungency was poor among onions of broad genetic background, ranging 
between r = -0.05 and 0.36 (21-22). Some mild cultivars accumulate large amounts 
of sulfate, but do not accumulate corresponding concentrations of flavor precursors, 
while pungent cultivars will assimilate more of the available sulfur into flavor 
precursors (23). As an example, Savannah Sweet, a mild cultivar, had 0.40% total 
bulb sulfur (dry weight basis) and 4.05 mg/g fresh weight of total flavor precursors. 
On the other hand, Rio Grande, a pungent cultivar, had similar total bulb sulfur 
accumulation (0.43%), but accumulated 5.73 mg/g fresh weight total flavor 
precursors (a 42% increase in total precursor accumulation). 

The ratio of the various flavor precursors also differs among cultivars. 
Flavor precursor composition and concentration can significantly influence flavor and 
flavor intensity. Some cultivars synthesize and accumulated mostly 1-propenyl 
cysteine sulfoxide, the lachrymator and pungency producing precursor, but little 
methyl or propyl cysteine sulfoxide (24). Other cultivars accumulate significant 
amount of methyl- and propyl- cysteine sulfoxide relative to the 1-propenyl precursor 
(25). The different precursor ratios give rise to different tastes and aroma. For 
example, if total precursor concentrations were equal, a cultivar with a ratio of 
12:4:2 l-propenyl:methyl:propyl cysteine sulfoxide would be highly pungent and tear 
producing, while another cultivar with a 6:9:3 ratio would be less pungent, and have 
significant fresh onion flavor. Why cultivars differ in partitioning sulfur into the 
various pathways leading to the 3 cysteine sulfoxides or how environmental signals 
regulate synthesis among the pathways has yet to be determined. 

Onion cultivars differ in alliinase concentration which may affect flavor 
development and intensity. Pukekohe Long Keeper, a pungent cultivar, had a 4 fold 
increase in bulb alliinase content compared to the mild Granex 33 cultivar (per. 
com., J.E. Lancaster, Crop and Food, NZ). In addition, onion alliinase decomposes 
the three cysteine sulfoxide flavor precursors at different rates (26). The kinetics of 
1-Propenyl cysteine sulfoxide decomposition is quickest, followed by the methyl and 
propyl cysteine sulfoxides. In vivo, 1-propenyl cysteine sulfoxide decomposition was 
almost instantaneous and complete, whereas methyl cysteine sulfoxide and propyl 
cysteine sulfoxide were decomposed to a much lesser extent (27). Between 60 and 
80% of the methyl cysteine sulfoxide, and approximately 50% of the propyl cysteine 
sulfoxide was left intact in onion macerate, even after 2 hours following maceration 
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3 i 

0 . 1 0 0 . 4 8 0 . 8 5 1 . 6 0 3 . 1 0 

Sulfur Fertility (meq/liter) 
Figure 2. S-alk(en)yl cysteine sulfoxide flavor precursor accumulation from mature 
onion bulbs in response to increasing sulfur fertility from applied nutrient solutions. 
Solid bars are 1-propenyl cysteine sulfoxide. Lined bars are methyl cysteine 
sulfoxide. Dotted bars are propyl cysteine sulfoxide. 
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5. HANDLE Onion Flavor Chemistry 47 

of bulb tissue. Cultivars also differed in the degree of decomposition of each 
precursor (28). Therefore, onion cultivars differing in flavor precursor composition 
will vary in flavor intensity do to their precursor concentration and degree to which 
the precursors are decomposed. 

Flavor Distribution. Flavor is unequally distributed within the onion plant and is 
dependent on onion ontogeny. Within die bulb, there is a flavor gradient. The 
highest concentration of precursors occurs in the interior base of the bulb, while the 
lowest concentration of precursors are in the top outside scales (29). As the plant 
and bulb grows, flavor first increases in intensity, but then decreases as the bulb 
swells to maximum size and matures (30). Onion flavor and intensity also change 
during storage. Some cultivars increase in flavor intensity during storage while 
others decrease (31). The ratio of the different precursors can also change during 
storage. In one onion cultivar, the 1-propenyl thiosulfinates significantly increased 
in concentration during six months of storage while the methyl methane thiosulfinates 
completely disappeared (per com. Norman Schmidt, Dept. of Chem.> Georgia 
Southern University). 

Environmental Factors and Flavor Intensity. The environment in which an onion 
grows and develops will greatly influence how mild or pungent an individual cultivar 
will be. Yearly and locational flavor intensity differences among onion cultivars 
have been known and reported (32). When isolated individually, environmental 
factors such as sulfate availability, temperature, and water supply affect flavor 
intensity. 

Sulfate Fertility. Sulfate availability greatly influences onion flavor intensity 
(33). When onions were grown with sulfur fertility levels ranging from deficient to 
luxuriant, the concentration and ratio of the three flavor precursors changed (34; Fig 
2). At sulfur fertility levels which cause sulfur deficiency symptoms in onion plants, 
methyl cysteine sulfoxide was the dominant precursor while 1-propenyl cysteine 
sulfoxide was a minor precursor. As sulfate fertility increased to adequate levels, 
1-propenyl cysteine sulfoxide increased in concentration and methyl cysteine 
sulfoxide decreased in concentration. At luxuriant sulfate fertility, 1-propenyl 
cysteine sulfoxide was the dominant precursor while methyl cysteine sulfoxide 
became a minor precursor. Interestingly, total precursor concentration was similar 
from those onions grown at deficient sulfate fertility and those grown at luxuriant 
levels. It appeared that when onions were stressed for sulfate, the methyl cysteine 
sulfoxide biosynthetic pathway became a strong sink for the available sulfur and 
large amounts of methyl cysteine sulfoxide accumulated, even at the expense of plant 
growth and bulb development. The propanethial S-oxide and thiosulfinate 
concentrations followed the same pattern as the cysteine sulfoxide precursor 
concentrations when responding to increasing sulfate fertility (35). Sensory 
evaluation from professional taste panels confirmed the chemical analysis. As 
available sulfate levels increased in the growing environment, sensory notes such as 
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Table Π. Aroma and flavor notes from 'Granex 33' onions grown at increasing 
sulfate fertility levels. Higher numbers represent more intense notes. 

Attribute low S mod S high S excess S 

Green aroma 6.4 6.0 5.9 6.6 

Pungency aroma 7.4 8.0 7.2 8.4 

Total aroma 8.3 8.9 7.7 9.5 

Bitter 3.3 5.0 4.1 6.7 

Green Flavor 6.8 6.9 6.2 7.3 

Heat 4.9 7.2 6.6 8.1 

Pungent flavor 5.7 8.1 7.2 9.4 

Sweet 7.6 6.0 6.2 4.8 

Total Flavor 8.2 9.5 9.2 11.1 

Total Sulfur Flavor 5.2 7.8 7.0 8.2 

Boiled Onion Flavor 4.4 3.1 3.7 3.1 

Cabbage Flavor 3.4 3.1 3.1 3.1 

Fresh Sulfur Flavor 7.0 7.5 6.7 7.5 

Fruit Sulfur Flavor 4.7 4.6 4.6 4.7 

Hydrogen Sulfide 1.4 1.8 1.5 2.2 

Rubbery Sulfur 2.3 4.0 3.1 4.4 
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astotal aroma, bitterness, heat, pungency and total sulfur flavor also increased (Table 
Π). 

Growing Temperature. Temperature is important for onion growth and 
development. Minimum temperatures for bulbing are around 10°C and reach a 
maximum around 35°C. In an early study, although increasing temperature 
increased volatile sulfur compounds in onions, the author was unable to specify if 
flavor differences were due to temperature related plant growth (i.e., the faster the 
plant grew, the more pungent the plant became) or to the direct effect of temperature 
on flavor development (56). Recently, a study was completed where plants exposed 
to 4 different growing temperatures were: 1) grown for a specific length of time and 
harvested when the plants were of different developmental age, or, 2) grown to 
maturity which took increasing lengths of time as the temperature decreased. In 
both cases, increasing the growing temperature from 10°C to 31°C increased the 
pungency ( as measured by enzymatically form pyruvate) of the onions, and the 
increase was linear in response to increasing temperature (Figure 3 ). The hotter 
the growing conditions, the more pungent the onions will be. 

Water Supply. Growing onions under dry conditions will also increase bulb 
pungency compared to onions grown under well irrigated conditions. When onions 
were grown under natural rainfall or supplemented with irrigation water, the non-
irrigated onions produced a higher volatile sulfur content compared to irrigated 
onions (37), or produced increased flavor strength as measured by volatile headspace 
analysis, enzymatically developed pyruvate, and sensory evaluation (38). As bulb 
size was smaller in the non-irrigated plots, it was thought that increased flavor 
strength was due to a concentration of the flavor precursor compounds in smaller 
cells. The exact mechanism for flavor increases in water-stressed plants, however, 
is yet to be determined. 

Water usage and sulfate uptake by onions was also poorly correlated 
(r=0.09; Randle, unpublished data). When plants were grown hydroponically to 
determine sulfate uptake requirements over the course of the growing season, water 
usage was greatly affected by daily differences in solar radiation while sulfate uptake 
was unaffected. The greater the solar radiation, the more water was transpired 
through the leaves. 

Summary 

The chemistry of onion flavor from sulfur compounds is quite complex. The 
biosynthetic pathway leading to the three forms of S-alk(en)yl-L-cysteine S-oxide 
flavor precursor synthesis is complicated and still being developed and proven. 
Onion cultivars differ in their ability to synthesize the flavor precursors and differ 
in the ratio of precursors synthesized. Each precursor gives rise to sulfenic acids 
and thiosulfinates which define different flavor experiences and flavor intensity. The 
environment in which the onions grows is also important in determining flavor 
intensity and composition. Increasing sulfate fertility, increasing the growing 
temperature, and/or decreasing the water supply will increase onion flavor strength. 
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2 H 1 1 = 1 
10 17 24 31 

Growing Temperature (Celcius) 

Figure 3. Onion pungency (umol pyruvate per ml of onion juice) in response to 
increasing growing temperatures. Solid line represents plants grown at the different 
temperatures for 35 days in a bulbing photoperiod. Dashed line represents plants 
grown to maturity at the different temperatures. 
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Chapter 6 

Contribution of Nonvolatile Sulfur-Containing 
Flavor Precursors of the Genus Allium 
to the Flavor of Thermally Processed 

Allium Vegetables 

Tung-Hsi Yu 

Department of Food Engineering, Da-Yeh Institute of Technology 112, 
Shan-jeau Road, Da-Tsuen, Chang-Hwa, Taiwan, Republic of China 

This article discusses the contributions of nonvolatile sulfur-containing 
flavor precursors of the genus Allium to the flavor of thermally processed 
Allium vegetables through two approaches. In the first approach we 
have analyzed the volatile compounds generated from thermally 
processing blanched Allium vegetables. In the second approach we have 
analyzed the volatile compounds produced during thermal degradation or 
thermal interaction solutions of S-alk(en)ylcysteine sulfoxides, the major 
nonvolatile sulfur-containing flavor precursors of Allium vegetables. A 
large number of volatile compounds can be generated from thermally 
processed blanched Allium vegetables and from the thermal degradation 
or thermal interaction solutions of these sulfoxides, and many of these 
volatile compounds can be found in thermally processed Allium 
vegetables. We have demonstrated that the nonvolatile sulfur-containing 
flavor precursors of Allium vegetables can not only generate volatile 
compounds through thermal degradation or thermal interactions but also 
through the thermal degradation or interaction products of these 
sulfoxides to make important contributions to the flavor of thermally 
processed Allium vegetables. 

Leaves or bulbs of the genus Allium, as represented by garlic (Allium sativum L.), onion 
(Allium cepa L.), shallot (Allium ascalonicum auct.), and welsh onion (Allium flstulosum 
L.), have been widely used at home and in the food industry as vegetables or flavoring 
materials because of their strong flavor properties. The characteristic aromas of the 
Allium species are mainly attributed to the sulfur-containing volatile compounds. Unlike 
the preformed volatile compounds, such as esters and terpene compounds in fruits and 
some spices which are biosynthesized as plants develop, the volatile components of the 
genus Allium are released from their nonvolatile sulfur-containing flavor precursors, 
especially 5-alk(en)ylcysteine sulfoxides, by an enzymatic-mediated degradation that 
takes place when the plants are disrupted. Depending on the species, in the alk(en)yl 

© 1997 American Chemical Society 
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54 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

groups the sulfoxides are mainly a combination of allyl, methyl, propyl, and 1-propenyl 
group (7-3). 

Most of the research on the flavor of the Allium vegetables before 1991 focused 
mainly on the analysis of the volatile compounds of these vegetables, the formation of 
the volatile compounds in the genus Allium through the enzymic degradation and the 
transformation of the nonvolatile sulfur-amtaining flavor precursors, such as the S-
alk(en)ylcysteine sulfoxides, and the stability of the thiosulfinates which are the enzymic 
reaction products of the 5-alk(en)ylcysteine sulfoxides. There has been very little 
research on how amino acid characteristics affect flavor precursors. Since S-
alk(en)ylcysteine sulfoxides are amino acids, they should undergo thermal degradation 
or interactions with other food components, especially reducing sugars. The focus of this 
research has been on the contributions of nonvolatile flavor precursors of the genus 
Allium to the characteristic flavor of thermally processed Allium vegetables, especially 
garlic, shallot, and welsh onion. We approach mis research in two ways. First, we used 
blanched Allium vegetables to see if significant amounts of volatile compounds could be 
generated from the nonvolatile sulfur-containing flavor precursors which were retained 
in the tissues of Allium vegetables after blanching these vegetables during thermal 
treatment, especially baking and frying. In our second approach, we synthesized four 
important 5-alk(en)ylcysteine sulfoxides: S-allyl-, methyl-, propyl-, and 1-
propenylcysteine sulfoxides. These sulfoxides were then subjected to thermal 
degradation or interactions with other food components in the Allium vegetables to 
determine what their contributions were to the characteristic flavor of thermally 
processed Allium vegetables. The following reviews some of our research. 

Volatile Compounds Generated from Thermally Treated Blanched Allium 
Vegetables 

To determine the potential contribution of the nonvolatile sulfur-containing flavor 
precursors of the genus Allium to the flavor of thermally processed Allium vegetables, 
we used blanched Allium vegetables to which we applied thermal treatment. Blanching 
treatment can deactivate the flavor enzymes and retain most of the flavor precursors in 
the tissues of Allium vegetables. Since no significant amount of volatile compounds 
existed in the intact tissues of Allium vegetables, volatile compounds detected in 
thermally treated Allium vegetables could have been generated by thermally degrading 
the nonvolatile precursors in the tissues or through the thermal interactions of these 
precursors and other components, especially sugars, in the tissues. 

We were able to identify some important volatile compounds in blanched and 
thermally treated blanched garlic slices, shallot slices and Welch onions as found in 
Tables I, Π and ΠΙ, respectively. As you can see in these three tables, no significant 
amounts of volatile compounds were identified from blanched garlic (BG), blanched 
shallot (BS), blanched green leaf of welsh onion (BGL), and blanched white sheath of 
welsh onion (BWS). These results prove that blanching treatment of Allium vegetables 
can deactivate the flavor enzymes in these vegetables efficiently and inhibit the enzymic 
formation of volatile compounds from the flavor precursors in Allium vegetables. 
However, you will note that in Tables I, Π, and ΙΠ, baking or frying treatment of the 
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6. YU Flavor of Thermally Processed Allium Vegetables 55 

Table I. Some important volatile compounds identified in garlic samples 
Yield, ppm 

Compound BBG* FBG* BG* 
Compounds Probably Generated from Thermal Degradation of 

Nonvolatile Flavor Precursors 
1-propene 7.12 10.55 2.20 
acetaldehyde 1.85 25.24 0.70 
methyl allyl sulfide 0.06 1.31 nd** 
ally sulfide 1.16 8.99 0.09 
methyl allyl disulfide 0.80 7.26 0.04 
1,2-dithiacyclopent-3-ene 0.77 2.15 0.06 
allyl disulfide 9.14 50.74 2.40 
methyl allyl trisulfide 1.53 4.34 0.17 
3 -vinyl-4H-1,2-dithiin 0.49 1.44 0.14 
2-vinyl-4H-1,3 -mthiin 0.31 0.72 nd 
allyl trisulfide 0.52 0.66 0.06 
1,2,3,4-tetrathiepane 2.21 5.98 nd 
dimethyl trithiepanes 2.42 7.63 0.03 
Compounds Probably Generated from Thermal Interactions of Sugars 

and Nonvolatile Flavor Precursors 
2,5-dimethylpyrazine 0.51 0.69 nd 
ethylmethylpyrazines 0.35 0.72 nd 
3,5-diethyl-2-methylpyrazines 0.47 0.45 nd 
Compounds Probably Generated from Thermal Interactions of Lipids 

and Nonvolatile Flavor Precursors 
4-heptenal 0.11 0.68 nd 
2-ethylpyridine 0.12 0.20 nd 
2-pentylfuran nd 0.22 nd 
methylethylpyridine 0.06 0.19 nd 
phenylacetaldehyde 0.10 0.44 nd 
buytlbenzene 0.06 0.19 nd 
pentylbenzene 0.25 0.34 nd 
hexylbenzene 0.43 0.62 nd 
benzothiophene 0.70 0.40 nd 

* B B G : Baked Blanched Garlic; FBG: Fried Blanched Garlic; 
B G : Blanched Garlic. Data regenerated from ref. (4). 

** nd: not detected 
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56 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Table Π. Some important volatile compounds identified in shallot samples. 
Yield, ppm 

Compound BBS* FBS* BS* 
Compounds Probably Generated from Thermal Degradation of 

Nonvolatile Flavor Precursors 
1-propene 0.43 0.86 nd** 
methanethiol 0.58 1.96 nd 
dimethyl disulfide 0.46 1.91 nd 
dipropyl disulfide 1.66 2.00 nd 
1-propanethiol 0.29 0.30 0.03 
3 -methylthiophene nd 0.78 nd 
methyl propyl disulfide 2.49 8.50 0.01 
dimethylthiophenes 4.83 15.44 nd 
1-propenyl methyl disulfides 0.75 5.46 0.08 
dimethyl trisulfide 3.52 7.28 nd 
1-propenyl propyl disulfide nd 1.42 nd 
methyl propyl trisulfide 19.12 16.44 nd 
dipropyl trisulfide 7.29 3.94 nd 
Compounds Probably Generated from Thermal Interactions of Sugars 

and Nonvolatile Flavor precursors 
pyridine nd 0.41 nd 
2-pentylfiiran nd 5.80 nd 
methylpyrazine 1.14 5.48 nd 
dimethylpyrazines 13.64 59.24 nd 
2,3-dimethylpyridine 1.23 nd nd 
ethyl methylpyrazines 6.11 15.38 nd 
trimethylpyrazine 4.53 10.77 nd 
5-ethyl-2-methylpyridine nd 0.82 nd 
2,6-diethylpyrazine nd 3.38 nd 
ethyl dimethylpyrazines 33.85 29.38 nd 
methyl propylpyrazines 4.43 3.31 nd 
dimethyl propylpyrazines 2.70 12.83 nd 
2,3 -dimethyl-5-[ 1 -methylpropyl]pyrazine 1.51 nd nd 
3 -ethyl-2,6-dimethylpyridine 0.94 nd nd 

* BBS: Baked Blanched Shallot; FBS: Fried Blanched Shallot; 
BS: Blanched Shallot. Data regenerated from ref. (5). 

** nd: not detected 
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6. Y U Flavor of Thermally Processed All ium Vegetables 57 

Table HI. Some important volatile compounds identified in welsh onion samples. 
Yield, ppm 

Compound BBGL* FBGL* BGL* BBWS* FBWS* BWS* 
Compound Probably Generated from Thermal Degradation of 

Nonvolatile Flavor Precursors 
methanethiol 0.02 0.04 trace** 0.02 0.07 trace 
1-propanethiol 0.08 nd*** 0.02 0.08 nd 0.02 
dimethyl disulfide 0.10 0.58 trace 0.05 0.67 nd 
2-methylthiophene 0.02 0.01 nd 0.01 0.01 nd 
methyl propyl disulfide 0.06 0.04 nd 0.05 0.03 nd 
dimethylthiophenes 2.02 0.72 0.16 1.38 0.78 nd 
1-propenyl methyl disulfides 0.63 2.64 nd 0.54 2.25 nd 
dipropyl disulfide 0.02 0.03 nd 0.02 0.05 nd 
dimethyl trisulfide 0.63 0.96 nd 0.72 1.44 nd 
1-propenyl propyl disulfides 0.14 0.75 nd 0.71 1.01 nd 
methyl propyl trisulfide 0.23 0.39 nd 0.33 0.69 nd 
1-propenyl methyl trisulfide 0.08 0.21 nd 0.08 0.20 nd 
dipropyl trisulfide 0.18 nd nd 0.25 nd nd 
1-propenyl propyl trisulfide 0.08 0.21 trace 0.07 0.20 0.01 
Compounds Probably Generated from Thermal Interactions of Sugars 

and Nonvolatile Flavor Precursors 
2-pentyl furan nd 0.13 nd nd 0.09 nd 
dihydro-2-methyl-3-[2H]-furanon 0.24 nd nd 0.28 nd nd 
dimethylpyrazines 0.04 nd nd 0.05 nd nd 
3-(methylthio) propanal nd 0.08 nd nd 0.11 nd 
2-ethyl-3,5-dimethylpyrazine 0.03 nd nd 0.03 nd nd 
dimethylpyridine 0.04 nd nd 0.01 nd nd 
2-acetylfuran 0.26 0.40 nd 0.34 0.49 nd 
2-acetylpyrrole 0.08 nd 0.04 0.20 nd 0.01 
2-methoxy-4-vinylphenol 0.27 0.07 0.04 0.03 0.02 0.05 

* BBGL: Baked Blanched Green Leaf; FBGL: Fried Blanched Green Leaf; 
B G L : Blanched Green Leaf; BBWS: Baked Blanched White Sheath; 
FBWS: Fried Blanched White Sheath; BWS: Blanched White Sheath. 
Data regenerated From ref. (5 ). 

** Trace: < 0.005 ppm 
*** nd: not detected 
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58 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

blanched Allium vegetable slices generated significant amounts of volatile compounds. 
These volatile compounds are proposed to be mainly generated from the thermal 
degradation of nonvolatile flavor precursors in the Allium vegetables and the interactions 
of these precursors and other components, especially sugars and lipids, in these 
vegetables. 

The major volatile compounds listed in Tables I, Π and ΙΠ separated into two 
groups; those that were probably generated from thermal degradation of nonvolatile 
flavor precursors and those generated from thermal interactions of nonvolatile flavor 
precursors of garlic and sugars. The major volatile compounds generated from thermally 
degraded nonvolatile flavor precursors of garlic listed in Table I were allyl disulfide, 1-
propene, acetaldehyde, allyl sulfide, methyl allyl trisulfide, and other polysulfur-
containing cyclic compounds. The major volatile compounds generated from thermal 
interactions of nonvolatile flavor precursors of garlic and sugars were pyrazines. 
Formation of pyrazines in these thermally treated blanched garlic slices are proposed 
through the Maillard type reactions of the ammo-containing precursors and the reducing 
group-containing sugars existing in the garlic tissues. The major volatile compounds that 
were identified in baked blanched and fried blanched garlic slices which were probably 
generated from thermal interactions of nonvolatile flavor precursors of garlic and lipids 
were pyridines and alkyl benzenes. 

Table II lists the major volatile compounds from baked blanched and fried 
blanched shallot slices generated from thermal degradation of nonvolatile flavor 
precursors of shallot were methyl propyl trisulfide, dimethylthiophenes, methyl propyl 
disulfide, and dipropyl trisulfide. The major volatile compounds that were probably 
generated from thermal interactions of nonvolatile flavor precursors of shallot and sugars 
were pyrazines, especially ethyl dimethyl pyrazines, dimethyl-pyrazines, ethyl methyl 
pyrazines, and trimethylpyrazine. 

The major volatile compounds listed in Table III are from baked blanched and 
fried blanched welsh onion slices. The first group, generated from the thermal 
degradation of nonvolatile flavor precursors, were dimethylthiophenes, and alk(en)yl 
disulfides and trisulfides. The alk(en)yl group mentioned above could be methyl, propyl, 
and 1-propenyl. Those major volatile compounds generated from thermal interactions 
of nonvolatile flavor precursors of welsh onion and sugars were pyrazines, especially 
dimethylpyrazines, 2-methoxy-4-vinylphenol, 2-acetylfuran, and 2-acetylpyrrole. 

Volatile Compounds Generated from Thermal Degradation or Thermal 
Interactions of of Alk(en)yl Cysteine Sulfoxides 

To determine the potential contributions of the nonvolatile flavor precursors of the genus 
Allium to the flavor of thermally processed Allium vegetables, in our second approach 
we analyzed the volatile compounds generated from the thermal degradation of the S-
alk(en)ylcysteine sulfoxides and from the interactions of these sulfoxides with other food 
components existing in Allium vegetables. Four 5-alk(en)ylcysteine sulfoxides were 
synthesized by us and were subjected to thermal degradation or thermal interactions; the 
volatile compounds generated were analyzed to determine what contribution these 
sulfoxides made to the flavor of thermally processed Allium vegetables. The sulfoxides 
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6. YU Flavor of Thermally Processed Aïaum Vegetables 59 

Table IV. Some important volatile compounds identified in the thermal degradation 
or thermal interaction solutions of S-allvlcvsteine sulfoxide (alliin) 

Yield mg/mole of alliin 
Compound A* A+G* A+D* 
1-propene 39.90 nd** 4.50 
acetaldehyde 1199.60 16.50 nd 
allyl alcohol 93.30 340.70 2193.60 
ethyl acetate 232.30 nd nd 
acetic acid 72.70 4.30 nd 
thiazole 9.90 13.30 42.50 
acetal 26.40 nd nd 
dimethyl disulfide 11.10 nd nd 
2-methyhhiazole 7.50 0.70 1.30 
1,2-dithiacyclopentane 1.70 nd 15.90 
methyl ethyl disulfide 62.00 nd nd 
methyl allyl disulfide 7.70 nd nd 
dimethyl trisulfide 11.50 nd nd 
formylthiophenes 3.50 29.90 6.00 
2-acetylthiazole 359.50 140.30 16.20 
methyl-1,2,3 -trithiacyclopentane 188.00 nd 4.00 
dimethyl tetrasulfide 5.30 nd nd 
ethyl methyltetrathiane nd 1.10 24.90 
methyl-1,2,3,4-tetrathiane 57.50 nd nd 
1,2,3,4-tetratmepane 9.70 10.60 16.50 
dimethyl tetrathianes 20.90 nd nd 
pyrazine nd 4.10 nd 
methylpyrazine nd 43.80 nd 
dimethylpyrazines nd 10.00 nd 
ethylpyrazine nd 15.70 nd 
ethyl methylpyrazines nd 9.40 nd 
2-acetylthiophene nd 13.40 nd 
ethyl dimethylpyrazines nd 2.20 nd 
methyl propylthiazoles nd 30.60 nd 
benzothiophene nd 20.80 nd 
phenylacetaldehyde nd 1.90 nd 
acetyl methylthiophenes nd 6.00 nd 
2-butylthiophene nd nd 31.50 
2-pentykhiophene nd nd 6.10 
2-pentylpyridine nd nd 78.40 
2-hexylthiophene nd nd 61.10 
2-hexanoylthiophene nd nd 31.50 
2-pentylbenzaldehyde nd nd 394.10 
2-formvl-2-Derrtvluuophene nd nd 110.20 
* A: Alliin was thermally degraded in a pH 5 aqueous solution. 

Data regenerated from ref. (6). 
A+G: Alliin was thermally interacted with glucose in a pH 7.5 aqueous solution. 

Data regenerated from ref. (7). 
A+D: Alliin was thermally interacted with 2,4-decadienal in a pH 6 aqueous solution. 

Data regenerated from ref. (8 ). 
** nd: not detected 
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SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Table V. Some important volatile compounds identified in the thermal 
degradation or thermal interaction solutions of S-methylcysteine 
sulfoxide 

mg/mole of MeCySO 
Compound MeCySO* MeCySO+G* 
methanethiol 8.20 0.90 

dimethyl disulfide 3320.80 2598.90 

dimethyl trisulfide 21.60 59.80 

thiazole 18.20 2.90 

thiocyanic acid, methyl ester 65.30 1.30 

methylthiol furan 157.50 86.60 

pyrazine 69.80 114.60 

methylpyrazine 8.90 264.00 

ethylpyrazine 1.70 99.90 

dimethylpyrazines 4.60 336.90 
trimethylpyrazine n.d.** 40.50 
ethyl methylpyrazine 23.80 115.20 

2,6-diethylpyrazine 19.30 6.30 

ethenylpyrazine 5.40 53.20 
ethyl dimethylpyrazines 6.50 74.90 
ethenyl methylpyrazines 3.30 176.90 

2-methylpyridine 4.30 3.10 

2-acetylpyridine n.d. 8.30 

3 -(methylthio)pyridine 17.40 5.70 
lH-pyrrole 11.00 40.20 

MeCySO : S-methyl-L-cysteine sulfoxide 
MeCySO+G : S-methyl-L-cysteine sulfoxide + glucose 

** nd: not detected 
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Y U Flavor of Thermally Processed Allium Vegetables 

Table VI. Some important volatile compounds identified in the thermal 
degradation or thermal interaction solutions of S-propylcysteine 
sulfoxide 

mg/mole of PrCySO 
Compound PrCySO* PrCySO+G* 
1-propanethiol 88.80 5.60 
Ι,Γ-thiobis propane 7.20 33.40 
methyl propyl disulfide 8.60 38.70 
dipropyl disulfide 6246.40 8367.80 
dipropyl trisulfide 7088.80 3853.00 
ethanethioic acid, S-propyl ester 44.00 2.70 
pyrazine 4.50 60.90 
methylpyrazine nd** 126.80 
dimethylpyrazines 3.60 119.40 
ethylpyrazine nd 70.90 
2-ethyl-3-methylpyrazine nd 13.30 
2,6-diethylpyrazine nd 9.20 
ethenylpyrazine 4.60 21.10 
ethyl dimethylpyrazines 5.50 65.30 
methyl propylpyrazines 12.60 86.30 
isopropenylpyrazine nd 42.40 
dimethyl propylpyrazine nd 9.30 
methyl-( 1 -propenyl)pyrazine 7.50 65.80 
2-ethenyl-6-methylpyrazine nd 87.50 
3 -(propylthio)pyridine 10.30 11.90 
methyl (propylthio)pyridine 5.40 4.80 
lH-pyrrole nd 18.40 

PrCySO : S-propyl-L-cysteine sulfoxide 
PrCySO+G : S-propl-L-cysteine sulfoxide + glucose 
nd: not detected 
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62 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Table Vu. Some important volatile compounds identified in the thermal 
degradation or thermal interactions of S-(+)-cis-l-propenylcysteine 
sulfoxide 

mg/mole of PrenCySO 
Compound PrenCySO* PrenCySO+ G* 
(1-propenylthio) acetaldehyde 7.20 5.60 
2-methyl-1,3 -dithiane 15.80 3.00 
methylthiophenes 33.60 253.00 
2,4-dimethylthiophene 1.40 16.00 
tetrahydrothiophene-3-one nd** 4.40 
thiophenecarboxaldehydes 2.40 58.00 
5-methyl-2[5H]-thiophene nd 9.80 
formyl methylthiophenes 16.20 84.00 
2-acetyl-5-methylthiophene 10.40 8.20 
thiazole 3.20 29.40 
4-methyl isothiazole 5.20 5.80 
2,4-dimehtylthiazole 2.80 2.00 
2-acetylthiazole 499.80 158.40 
pyrazine nd 52.60 
methylpyrazine 5.00 86.40 
2,6-dimethylpyrazine 4.60 51.40 
ethyl methylpyrazines nd 10.00 
trimethylpyrazine nd 5.20 
3-ethyl-2,5-dimethylpyrazine nd 10.20 
3-methylpyridine 10.60 32.60 
3,5-diethylpyridine 7.60 15.60 
3-butylpyridine nd 16.20 
* PrenCySO : (+)-S-cis-l-propenyl-L-cysteine sulfoxide 

PrenCySO+G : (+)-S-cis-l-propenyl-L-cysteine sulfoxide + glucose 
** nd: not detected 
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6. Y U Flavor of Thermally Processed All ium Vegetables 63 

were 5-allyl-, S-methyl-, S-propyl-, and (+)-5-cw-l-propenylcysteine sulfoxides. 
Some important volatile compounds identified by thermal degradation or thermal 

interaction solutions of S-allylcysteine sulfoxide (alliin) are shown in Table IV. Thermal 
degradation of alliin mainly generated acetaldehyde, 2-acetylthiazole, ethyl acetate, 
methyl-1,2,3-trithiacyclopentane, and acetic acid. Thermal interaction of alliin and 
glucose mainly generated pyrazines, especially methylpyrazine, dimethylpyrazines, 
ethylpyrazine, ethyl methylpyrazines, methylpropylthiazoles, 2-acetylthiophene, and 
benzothiophene. Thermal interactions of alliin and 2,4-decadienal represented the major 
degradation products of vegetable oil containing linolenic acid, and were mainly 
alkylthiophenes, especially 2-formyl-5-pentylthiophene, 2-hexylthiophene, 2-
butylthiophene, and 2-hexanoylthiophene, 2-pentylpyridine, and 2-pentyl-benzaldehyde. 

In Table V we have identified some important volatile compounds from the 
thermal degradation or thermal interaction solutions of S-methylcysteine sulfoxide. 
Thermal degradation of S-methylcysteine sulfoxide mainly generated dimethyl disulfide 
and methylthio fiiran. Thermal interactions of S-methyl-cysteine sulfoxide and glucose 
mainly generated pyrazines, especially dimethylpyrazines, methylpyrazine, ethyl 
methylpyrazine, ethenyl methyl-pyrazines, pyrazine, and ethylpyrazine. 

Table VI lists some important volatile compounds identified from the thermal 
degradation or thermal interaction solutions of S-propylcysteine sulfoxide. Thermal 
degradation of 5-propylcysteine sulfoxide mainly generated dipropyl trisulfide and 
dipropyl disulfide. Thermal interactions of 5-propylcysteine sulfoxide and glucose mainly 
generated pyrazines, especially methylpyrazine, dimethylpyrazines, methyl 
propylpyrazines, ethyl dimethyl-pyrazines, and 2-ethenyl-6-methylpyrazine. 

Some important volatile compounds identified in the thermal degradation or 
thermal interaction solutions of 5-c/s-l-propenylcysteine sulfoxide are shown in Table 
Vu. As shown in Table Vu, thermal degradation of S-cis-1-propenylcysteine sulfoxide 
mainly generated 2-acetylthiazole and methyl-thiophenes. The addition of glucose to the 
aqueous solution of S^/s-l-propenylcysteine sulfoxide increased the yield of thiophenes 
but decreased the yield of 2-acetylthiozole. Thermal interactions of S-c/s-l-
propenylcysteine sulfoxide and glucose mainly generated pyrazines, especially 
memylpyrazine, pyrazine, 2,6-dimethyl pyrazine, ethyl methylpyrazine, and 3-ethyl-2,5-
dimethyl-pyrazine, 3,5-diethylpyridine, and 3-butylpyridine. 

We have demonstrated that a large number of volatile compounds generated 
from the thermal degradation of £-alk(en)ylcysteine sulfoxides or from thermal 
interactions of these sulfoxides with food components can also be found in the thermally 
processed Allium vegetables (5,9), proof that the nonvolatile sulfur-containing flavor 
precursors of Allium vegetables can generate volatile compounds through thermal 
degradation or thermal interactions but also that the thermal degradation or thermal 
interaction products of these sulfoxides make an important contribution to the flavor of 
thermally processed Allium vegetable. 
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Chapter 7 

Characterization of Saffron Flavor 
by Aroma Extract Dilution Analysis 

Keith R. Cadwallader, Hyung Hee Baek, and Min Cai 

Department of Food Science and Technology, Mississippi Agricultural 
and Forestry Experiment Station, Mississippi State University, 

Herzer Building, Stone Boulevard, Mississippi State, MS 39762-9805 

Volatile compounds were isolated from Spanish "Mancha Superior" 
saffron by simultaneous steam distillation-solvent extraction (SDE) and 
direct solvent extraction (DE). Extracts were analyzed by gas 
chromatography (GC)-mass spectrometry, GC-olfactometry (GC-O), and 
aroma extract dilution analysis (AEDA). Total ion chromatograms of 
SDE and DE extracts were different with respect to levels and types of 
volatiles present; however, both extracts had distinct saffron-like 
qualities. A total of 25 aroma-active components were consistently 
detected by GC-O and AEDA, with 18 common to both SDE and DE 
extracts. One compound tentatively identified as 2-hydroxy-4,4,6­
-trimethyl-2,5-cyclohexadien-1-one (saffron, dried hay-like) had the 
highest log3(flavor dilution factor) in both extracts, followed by 2,6,6­
-trimethyl-1,3-cyclohexadiene-1-carboxaldehyde (safranal) (saffron, tea­
-like) and an unknown compound having a saffron, dried hay-like aroma. 

Saffron, the dried dark-red stigmas of Crocus sativus L . flowers, is used to impart 
both color and flavor to foods. Considered to be one of the most expensive spices, 
saffron is primarily produced in Spain (1,2), but is grown commercially in several 
other countries. Production, chemistry, adulteration, and quality assurance aspects of 
saffron have been reviewed (2,3). The intense yellow color of saffron primarily is due 
to the presence of crocin, a mixture of water soluble carotenoid glycosides (4-8). The 
primary taste-active component of saffron is picrocrocin, a bitter glycoside of 2,6,6-
trimethyl-4-hydroxy-l-formyl-l-cyclohexene (4-8). Hydrolysis of picrocrocin leads 
to the formation of safranal, the major component of the essential oil of saffron (9). 
Safranal, having a typical saffron-like aroma, has been generally considered to be the 
character-impact component of saffron (10). Rôdel and Petrzika (77), using gas 
chromatography-olfactometry (GC-O), confirmed the importance of safranal to saffron 
aroma; however, they detected several unidentified aroma-active components. 

© 1997 American Chemical Society 
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7. CADWALLADER ET AL. Analysis of Saffron Flavor 67 

GC-O is used for the detection of aroma-active components in a volatile extract 
(72). The relative aroma intensity of each component can be determined by aroma 
extract dilution analysis (AEDA), which involves GC-O evaluation of a serial dilution 
series of a volatile extract (75). From these results, a flavor dilution (FD) factor, the 
highest dilution at which a specific aroma compound was last detected by GC-O, is 
obtained for each aroma-active component of the extract. FD factors are then used 
to arrange the aroma-active compounds according to their significance in the extract, 
thus providing a better understanding of the role each compound plays in the overall 
flavor of the food. A critical evaluation of A E D A can be found elsewhere (14-15). 
A E D A has been employed for the identification of important aroma components in 
wide variety of foods, e.g. lobster (16), crab (77), beef (18), and bread crust (19). 

The present study deals with the identification of predominant aroma-active 
compounds in saffron by AEDA. In order to assure that the results of A E D A were 
representative of saffron aroma, volatile components were isolated by two extraction 
techniques. 

Materials & Methods 

Materials. Dried saffron, type "Mancha Superior", was purchased from two domestic 
spice suppliers. A total of three 1 oz. samples were obtained for this study. Original 
packing date of this material was 1995. Samples were stored in the dark at room 
temperature until analysis. 

Standard flavor compounds were purchased from Aldrich Chemical Co. 
(Milwaukee, WI). 

Simultaneous Steam Distillation-Solvent Extraction (SDE). Whole saffron stigmas 
(0.5 g), 50 mL of deodorized-distilled water, and 10 μL of internal standard solution 
(3.07 mg/mL 3-Heptanol in methanol) were continuously extracted with 10 mL of 
redistilled dichloromethane in a micro scale SDE apparatus (catalog no. 16051, 
Chrompack, Raritan, NJ) for 3 h under atmospheric conditions. SDE cold finger 
temperature was maintained at -4°C. Each extract was dried over 2 g of anhydrous 
sodium sulfate and concentrated to 0.5 mL under a gentle stream of purified nitrogen. 
Duplicate extractions were preformed for each sample. 

Direct Solvent Extraction (DE). Whole saffron stigmas (2.5 g) were ground for 30 
s in a spice mill (Model K7450C, Regal Ware, Inc., Kewaskum, WI) and then sieved 
through a no. 60 nylon mesh screen. Saffron powder (0.5 g), 10 μΐ, of internal 
standard solution (as above), and 3 mL of redistilled dichloromethane were vigorously 
shaken for 5 min in a 16 χ 125 mm screw capped test tube sealed with a PTFE-lined 
cap. The suspension was allowed to stand in the dark for 2 h, shaken again, and then 
centrifuged at 3,000xg for 30 min. After recovering the supernatant, the residue was 
extracted two more times with 3 mL of dichloromethane as described above. Extract 
was dried over 2 g of anhydrous sodium sulfate and concentrated to 0.5 mL under a 
gentle stream of purified nitrogen. Each saffron sample was extracted in duplicate. 

Gas Chromatography-Mass Spectrometry (GC-MS). GC-MS system consisted of 
an HP 5890 Series II GC/HP 5972 mass selective detector (MSD, Hewlett-Packard, 
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68 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Co., Palo Alto, CA.) One uL of each extract was injected (splitless mode; 30 s valve 
delay; 200°C injector temperature) into a capillary column (DB-wax or DB-5ms, 60 
m length χ 0.25 mm i.d. χ 0.25 μπι film thickness (df); J & W Scientific, Foison, 
CA). Helium was used as carrier gas at a constant flow rate of 0.96 mL/min. Oven 
temperature was programmed from 40°C to 200°C at a rate of 3°C/min with initial 
and final hold times of 5 and 60 min, respectively. MSD conditions were as follows: 
capillary direct interface temperature, 280°C; ionization energy, 70 eV; mass range, 
33-350 a.m.u.; E M voltage, 1956 (Atune + 200V); scan rate, 2.2 scans/s. Each SDE 
or DE extract was analyzed in duplicate. 

Aroma Extract Dilution Analysis (AEDA). GC-olfactometry (GC-O) system 
consisted of a Varian 3300 GC (Varian Instrument Group, Walnut Creek, CA) 
equipped with a flame ionization detector (FID) and sniffing port. Column effluent 
was split 1:1 between FID and sniffing port by using deactivated capillary columns 
(1 m length χ 0.25 mm i.d.). Serial dilutions (1:3) were prepared from SDE and DE 
extracts using dichloromethane as diluent. Each dilution (1 μΐ.) was injected into an 
FSOT column (DB-wax or DB-5ms, 30 m length χ 0.32 mm i.d. χ 0.25 μπι df, J & 
W Scientific). GC conditions were same as GC-MS except that oven temperature was 
programmed at a rate of 6°C/min and with initial and final hold times of 5 and 30 
min, respectively. FID and sniffing port were held at 250°C. 

GC/O was performed by two trained panelists familiar with saffron aroma. Each 
panelist evaluated a dilution series for only one SDE or DE extract for each saffron 
sample. Because of the similarity between GC/O results for SDE extracts from all 
three saffron samples, and likewise DE extracts, final A E D A results were summarized 
by calculating average log3(FD factors) (n = 6) for each type of extract. 

Compound Identification and Quantitation. Compound identifications were based 
on comparison of GC retention indices (RI)(20), mass spectra, and aroma properties 
of unknowns with those of authentic standard compounds analyzed under identical 
experimental conditions. Tentative identifications were based on matching mass 
spectra of unknowns with those in the Wiley 138K mass spectral database (John Wiley 
and Sons, Inc., 1990) and literature or on matching RI values and aroma properties 
of unknowns with those of authentic standard compounds. 

Relative concentrations of positively identified compounds were determined using 
their MS response factors compared with the internal standard. Response factors were 
determined by analyzing standard compounds at three levels under identical GC/MS 
conditions. The relative concentration of each tentatively identified compound was 
estimated from its peak area relative to the internal standard. 

Results & Discussion 

Volatile components of saffron. Typical total ion chromatograms of SDE and DE 
volatile extracts of saffron are shown in Figures 1 and 2, respectively. Quantitative 
results are presented in Table I. A total of 46 core volatile components were 
identified. Of these, 30 compounds were found common to both SDE and DE 
extracts. Safranal (2,6,6-trimethyl-l,3-cyclohexadiene-l-carboxaldehyde, no. 31) was 
the most abundant volatile component, followed by isophorone (3,5,5-trimethyl-2-
cyclohexen-l-one, no. 26), and 2,6,6-trimethyl-2-cyclohexene-l,4-dione (no. 36). The 
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74 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

concentrations of safranal presented in Table I were similar to published values (6). 
Likewise, the relative abundances (with respect to safranal) for prominent volatiles 
(e.g., nos. 15, 26, 31, 36, 38, 41, 53, and 58) were in reasonable agreement with 
previous studies (9,11). 

Despite agreement with published literature, volatile profiles of SDE and DE 
extracts differed from each other with respect to levels of major volatiles as well as 
in types of compounds identified. DE allowed for the isolation of acidic components 
(nos. 11, 20, 34, and 46), while no acids were detected in SDE extracts. On the other 
hand, SDE extracts contained higher levels of major saffron volatiles (e.g., nos. 26, 
31, and 36). Higher levels of these components may have been a result of thermally 
induced hydrolysis of their glucoside precursors during SDE (9). Furthermore, it also 
is likely that other thermally generated compounds were formed during SDE. For 
example, the sugar breakdown products, 2-furancarboxyaldehyde (no. 14) and 5-
methyl-2-furancarboxaldehyde (no. 21), were only detected in SDE extracts. SDE 
extracts also contained four megastigmatriene isomers (nos. 13, 24, 27, and 28), 
which have been previously reported as volatile constituents of starfruit (21). 
In addition to the above mentioned compounds, many others were identified for the 
first time as saffron components (see compounds indicated by an asterisk in Table I). 
Of particular interest and importance were the following compounds detected by both 
GC-MS and GC-O: 2,3-butanedione (no. 3), acetic acid (no. 11), linalool (no. 19), and 
3-methylbutanoic acid (no. 33). Levels of these compound were comparatively low 
with respect to previously identified components. 

Aroma-active components of saffron. The characteristic aroma of saffron has been 
previously defined in the literature as "sweet, spicy, floral odor with a fatty, 
herbaceous undertone (7)". Despite quantitative and qualitative differences between 
SDE and DE extracts, both had distinct saffron-like aromas, although their aromas 
were not identical. DE extracts had sweet, spicy, and floral notes and were 
representative of dried saffron; whereas, SDE extracts had nutty, cooked rice- and 
hay-like notes but still maintained a definite saffron-like quality. 

A total of 25 aroma-active compounds were consistently detected by GC-O and 
A E D A in SDE and DE extracts (Table II). More compounds (23) were detected in 
SDE extracts than DE extracts (22), with 18 common to both extracts. Aromas 
detected during GC-O could be grouped into the following general categories: 
saffron-like (nos. 10, 30, 31, 34, 37, and 57), fatty, stale, bitter (nos. 16, 17, 42, 43, 
and 50), sweet, floral (nos. 19, 25, 53, and 59), sour (nos. 1, 11, and 33), nutty, 
cooked (nos. 8, 9, and 12), earthy, plastic (nos. 4 and 7), buttery (no. 3) and green 
onion (no. 40). In general, compounds that were not common to both extracts had 
low log3(FD-factors) (<1). For compounds detected in both extracts, most had higher 
log3(FD-factors) in SDE extracts. This was especially true for nutty, cooked aromas 
which may have been thermally generated during SDE extraction. 

Compounds having high log3(FD-factors) (>2) in both extracts were described as 
saffron, dried hay (unknown, nos. 34 and 37), saffron, tea (safranal, no. 31) and 
cooked rice, baked bread (no. 9). Compound no. 37 had the highest log3(FD-factor) 
in both extracts. Interestingly, this compound and no. 34 were detected at only high 
dilutions (>1:9), i.e., these compounds were not detected during GC/O of concentrated 
extracts. This phenomenon was observed previously (14) and may have been due to 
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7. CADWALLADER ET AL. Analysis of Saffron Flavor 77 

cross adaptation of the panelists to an earlier eluting compound (e.g., no. 31 or 34) 
or masking by an earlier eluting aroma. The peak and mass spectrum corresponding 
to compound no. 37 could be clearly identified since the compound eluted before 
safranal (no. 31) on DB-5ms columns and eluted after safranal on DB-wax columns. 
Based on its mass spectrum (Figure 3), compound no. 37 was tentatively assigned the 
molecular formula of C 9 H 1 2 0 2 and structure of 2-hydroxy-4,4,6-trimemyl-2,5-
cyclohexadien-l-one. The proposed structure is supported by mass spectral data of 
Rôdel and Petrzika (77). Compounds nos. 9 and 34 could not be identified due to 
inadequate MS signals at their corresponding RI values. The log3(FD-factors) for 
safranal (no. 31) were nearly as high as those for no. 37, indicating its importance to 
saffron aroma. This finding was not surprising since safranal has long been regarded 
as the character-impact component of saffron (10-11). 

441k 
AO SO m/z 

Figure 3. Mass spectrum of peak no. 37 in Figures 1 and 2 and Tables I and II. 

There were a number of compounds with moderate aroma intensities [log3(FD 
factors) > 1 in either SDE or DE or both]. Positively identified compounds within 
this group were described as floral, honeysuckle (linalool, no. 19), rotten, sour, dried 
fruit (3-methylbutanoic acid, no. 33) and floral, rose (2-phenylethanol, no. 53). 
Linalool and 2-phenylethanol are common glycosidically bound constituents of plants 
(22-23). Due to low MS signals several compounds were identified based on their RI 
values and aroma properties (i.e., compared against standard compounds). Their 
aromas were described as mushroom, earthy (l-octen-3-one, no. 7), nutty, popcorn (2-
acetyl-l-pyrroline, no. 8), baked potato [3-(methylthio)propanal, no. 13], sweet, 
cucumber [(E,Z)-2,6-nonadienal, no. 25], and fatty, fried fat [(E,E)-2,4-decadienal], 
no. 43). These compounds impart characteristic aromas to many foods and are known 
to have low thresholds. For example, the lipid oxidation products nos. 7, 25 and 43 
(24) have threshold values of 0.1 (25), 0.1 (26), and 0.07 μg/L (27), respectively. 
Similarly, thermally generated compounds such as no. 8, a Maillard reaction product 
(28), and no. 13, a Strecker aldehyde from methionine (29), have thresholds of 0.1 
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(27) and 0.2 μg/L (30), respectively. A compound with a saffron, floral, hay-like 
aroma was tentatively identified by its mass spectrum as 3,5,5-trimethyl-3-cyclohexen-
1-one (no. 10). Unidentified compounds vWthin this group were described as stale, 
bitter (nos. 16 and 17), green onion (no. 40), and floral, rose, saffron (no. 57). 

Compounds considered to have only minor roles in saffron aroma [log3(FD 
factors) < 1] were described as sour, dark chocolate (unknown, no. 1), buttery, cream 
cheese (2,3-butanedione, no. 3), plastic water bottle (unknown, no. 4), vinegar, acidic 
(acetic acid, no. 11), stale, soapy (unknown, no. 42), fruity, stale (unknown, no. 50) 
and cotton candy, strawberries [4-hydroxy-2,5-dimemyl-3(2//)-furanone, no. 59]. With 
its low threshold compound no. 59 is an important component of several foods 
(18,31). 

Conclusion 

Through use of A E D A and two extraction techniques it was possible to indicate 
important aroma-active components in saffron. Aromas contributed by 2-hydroxy-
4,4,6-trimethyl-2,5-cyclohexadien-l-one (tentatively identified), safranal, and an 
unidentified compound (saffron, dried hay aroma) were predominant in saffron. 
However, it also was apparent that other components contribute to saffron aroma, 
some of which are thermally generated during cooking of saffron. Many compounds 
were identified for the first time as constituents of saffron. Results of this study may 
be useful in development of analytical strategies for monitoring saffron flavor quality. 
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Chapter 8 

The Characterization of Volatile and 
Semivolatile Components in Powdered 

Turmeric by Direct Thermal Extraction 
Gas Chromatography—Mass Spectrometry 

Richard D. Hiserodt1,2, Chi-Tang Ho1, and Robert T. Rosen2 

1Department of Food Science and 2Center for Advanced Food 
Technology, Cook College, Rutgers, The State University of New Jersey, 

New Brunswick, NJ 08903-0231 

Five commercial powdered turmeric samples were analyzed to identify 
volatile and semi-volatile components. This analysis did not include 
the non-volatile curcuminoids. Structural information was obtained by 
direct thermal extraction gas chromatography-mass spectrometry (GC­
-MS) using the electron ionization (EI) mode. Semi-quantitative values 
are also reported. 

Turmeric belongs to the family Zingiberaceae along with the other noteworthy 
members ginger, cardamom, and galangal root. It belongs to the genus Curcuma 
which consists of hundreds of species of plants that grow from rhizomes, underground 
rootlike stems. Economically, the most important species is domestica. Turmeric is 
grown in warm, rainy regions of the world such as China, Indonesia, India, Jamaica, 
and Peru (7). 

Turmeric has been used since early times to cure everything from leprosy to 
the common cold but is probably best known for its properties as a carminative. It is 
used to provide aroma and taste to foods and as a dye for fabric. Its properties as a dye 
are poor because turmeric is not light stable. Turmeric is also used in some cultures as 
a cosmetic, to lighten the skin. 

The primary uses of turmeric today are as a component in curry, as a coloring 
in a variety of dried and frozen foods and as a powdered spice. The powdered spice is 
prepared by harvesting the fresh rhizomes and boiling them to gelatinize the starch 
and disperse the color. The rhizomes are dried in the sun for 10 to 15 days and then 
ground into a powder (7). The work presented in this report is on the analysis of 
volatile and semi-volatile components in powdered turmeric. This work does not 
include the non-volatile curcuminoids 

The primary focus of turmeric research today is based on its properties as an 
antioxidant (2,5) and as an anticarcinogen (4,5,6). The antioxidant properties of 
turmeric are based on the ability of curcumin to form complexes with metals and to 
form a resonance stabilized free radical. Curcumin, along with the other curcuminoids, 

© 1997 American Chemical Society 
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8. HISERODT ET AL. Volatiles in Powdered Turmeric 81 

dememoxycurcumin and ôwdemethoxycurcumin, are nonvolatile components of 
turmeric that impart its distinctive orange-yellow color. Curcumin complexes with 
metals, such as copper and nickel, that initiate or catalyze free radical oxidation. This 
property enables curcumin to act synergistically with other antioxidants in inhibiting 
free radical oxidation (7). 

The bond dissociation energy for the phenolic hydroxyl groups in curcumin is 
low and a phenoxide free radical is easily formed (Figure 1). This free radical is 
resonance stabilized. The odd electron can be delocalized through the entire molecule 
because this molecule is a completely conjugated system. Figure 2 shows curcumin 
acting as a free radical scavenger, reacting with a peroxy free radical, forming a 
hydroperoxide and the curcumin free radical. The other property of curcumin that 
makes it a good antioxidant is that once the free radical is formed it will not go on to 
react with unsaturated fatty acids and initiate or propagate oxidation reactions. 

Turmeric has been shown to inhibit the initiation and progression of cancer. 
Azuine and Bhide (4) demonstrated that turmeric inhibited forestomach tumors 
induced by benzo[ct]pyrene (BP) and skin tumors induced by 7,12- dimethyl-
benz[a]anthracene (DMBA) in mice. These studies were conducted at the 2% and 5% 
levels. Benzo[a]pyrene, which is a component in cigarette smoke and barbecue foods, 
is a procarcinogen that is oxidized during Phase I oxidation in the liver to an ultimate 
carcinogen (Figure 3). The ultimate carcinogen formed is a good alkylating agent and 
can react with D N A to form a mutation. Turmeric has been shown to inhibit tumors 
formed by this mechanism by inhibiting the P450 monooxygenase system. Turmeric 
also increases levels of glutathione and glutathione S-transferase activity. Glutathione 
is an endogenous nucleophillic chemical that can react with ultimate carcinogens 
formed during Phase I oxidation without forming tumors. Turmeric has also been 
shown to inhibit the progression of cancer by inhibiting ornithine decarboxylase. This 
enzyme decarboxylates ornithine, an endogenous amino acid, forming a polyamine. 
This polyamine stimulates cell and consequently tumor growth. 

In another study, Mukundan, et al (5) showed that as little as 0.1% turmeric in 
the diet significantly removed BP-DNA adducts or inhibited the binding of D N A with 
BP formed in rat liver. They also observed 0.03% curcumin to be more effective in 
inhibiting BP-DNA adducts. They did not propose a mechanism for this observation. 

Background 

Preliminary work by these authors involved the analysis of components in the 
methanol extract of powdered turmeric using thermospray and particle beam liquid 
chromatography-mass spectrometry (LC-MS). Thermospray is a soft ionization 
technique producing protonated and deprotonated molecular ions, providing molecular 
weight information about analytes. The thermospray LC-MS chromatogram for the 
methanol extract of powdered turmeric is shown in Figure 4. The curcuminoids were 
identified based on their molecular weight. Also detected were three major late eluting 
components as well as numerous minor components. The molecular weights for these 
components were obtained from the thermospray mass spectra. Particle beam LC-MS 
was attempted to obtain structural information from El-mass spectra, for the 
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CH 3 0 
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Figure 1. Resonance Stabilization of the Curcumin Free Radical 

L - O O + H O - C 
Peroxy Curcumin 

Free Radical 

L - O O H + » 0 - C 
Hydroperoxide Curcumin 

Free Radical 

L - H + « 0 - C — 
Unsaturated Curcumin 
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Figure 2. Reaction Mechanism for Curcumin Acting as a Free Radical 
Scavenger 
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DNA-NH2 

procarcinogen 

Figure 3. Phase I Oxidation of Benzo[a]pyrene 
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Figure 4. Thermospray LC-MS Chromatogram of a Methanol Extract of 
Powdered Turmeric 
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components detected by thermospray. The problem encountered with particle beam 
LC-MS was that none of the late eluting peaks detected by thermospray were 
observed. This phenomenon was attributed to the volatility of the components that 
were lost during removal of the mobile phase in the particle beam interface. Structural 
information for the volatile components in the methanol extract of turmeric was then 
obtained by direct thermal extraction GC-MS. 

Materials 

Samples of powdered turmeric, consisting of 5 different commercial labels, were 
purchased locally. Chromosorb WHP (80/100 m) was purchased from Supelco, Inc., 
Bellefonte, PA, USA. Chromosorb WHP was used to dilute the powdered turmeric 
and was conditioned at 300 °C for 2 hrs. prior to use. d8-Naphthalene 
(98+ atom %D) was purchased from Aldrich Chemical Company, St. Louis, MO, 
USA for use as an internal standard. The internal standard solution was prepared by 
diluting 10.0 mg of d8-naphthalene with 10.0 mL methanol. A 60 m χ 0.32 mm (i.d.) 
df= 0.25 μπι, DB-1 capillary GC column was purchased from J&W Scientific, 
Folsom, C A , USA. 

Experimental 

There are many alternatives to direct thermal extraction methodology. For instance 
compounds could be isolated using the Likens Nikerson system, which provides for 
steam distillation of the aqueous sample with ether extraction on a continuous basis in 
one apparatus. The disadvantages of this system are that the steam distillation utilizes 
high temperatures (100°C) which may decompose labile compounds or cause other 
thermal induced reactions to occur in the product being analyzed thereby complicating 
the data interpretation. Additionally, the ether extract from the Likens Nikerson 
system needs to be concentrated prior to GC-MS analysis and there is always a risk of 
losing highly volatile components from the sample during the concentration step 
which is usually performed in a spinning band still or Kuderna Danish concentrator. 

Another alternative is to use vacuum steam distillation combined with 
cryotrapping. In this technique the sample is steam distilled under reduced pressure so 
that lower temperature isolation is permissible. The steam distillate is then condensed 
in a series of four or more cryotraps cooled with liquid nitrogen and or dry ice acetone 
slurries. The major disadvantage of this technique is that the first several cryotraps 
rapidly become filled with ice from the large volume of distillate. After thawing the 
traps, the water and traps must be extracted with organic solvent such as ether or 
methylene chloride to isolate the volatile organics. There are additional problems with 
extraction efficiency for polar organics that are not easily extracted from the water. 
This results in large volumes of organic solvent that must be concentrated, once again 
risking the loss of highly volatile compounds in the process. The extracting solvents 
used must be of ultra high purity. Frequently the extracting solvents must be distilled 
before use because concentrating large volumes of solvent will concentrate solvent 
impurities as well. Blank runs of solvent, with no sample, are often needed to identify 
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8. HISERODT ET AL. Volatiles in Powdered Turmeric 85 

artifacts and impurities arising from the solvent concentration step. Extraction 
experiments are time consuming and costly since elaborate glassware setups, vacuum 
systems, and concentration equipment are employed. 

Direct thermal extraction involves the extraction of volatile and semi-volatile 
components from solid samples using heat (#). Since volatile components are 
desorbed directly onto the head of a GC capillary column at subambient conditions, 
samples should contain less than 5-10% water to prevent ice formation at the head of 
the column. Direct thermal extraction is a single step process that involves minimal or 
no sample preparation making it advantageous over other extraction techniques. 
Additional benefits are no solvent disposal and no artifact peaks in the sample 
chromatogram from the concentration of large volumes of extracting solvent. 

The instrument used for this experiment was the Short Path Thermal 
Desorption (SPTD) system TD-3. This is a commercial system developed jointly by 
the Center for Advanced Food Technology (CAFT) at Rutgers University and 
Scientific Instrument Services, Inc. (SIS), Ringoes, NJ, USA. The TD-3 was 
connected to a Varian 3400 GC (Sugarland, TX, USA). 

Powdered turmeric samples were prepared for quantitative analysis by 
thoroughly mixing 20.0 mg with 180.0 mg of Chromosorb WHP (80/100 m). Fifteen 
(15.0) mg of this mixture was weighed into a 10.2 cm χ 4 mm (i.d.) glass lined 
stainless steel thermal desorption tube (Scientific Instrument Services, Inc., Ringoes, 
NJ, USA). Silanized glass wool was added to both ends to contain the sample. Both 
the glass wool and thermal desorption tube were conditioned at 
300 °C for 2 hrs. prior to use. Five (5.0) \\L of d8-naphthalene solution 
(1.0 mg/ mL CH 3 OH) was spiked into each sample. This was equivalent to 3,333 ppm 
based on the weight of turmeric in the turmeric-Chromosorb mixture. A stream of 
nitrogen (80 mL/min.) at room temperature was used to purge the desorption tube (30 
min.) of methanol from the internal standard solution. 

The thermal desorption tube has a needle at one end and is threaded at the 
other for connection to the SPTD system. When an injection is made, the thermal 
desorption tube needle pierces the GC injection port septum. Heating blocks close 
around the thermal desorption tube and provide rapid heating. Helium passes through 
the desorption tube at 1 mL/min. and the volatile components are desorbed onto a DB-
1 capillary column held at -20 °C with dry ice (see Figure 5). 

In this analysis the volatile components were trapped onto the head of the 
capillary column at subambient temperature (-20 °C) and separated by temperature 
programming the column from -20 to 150 °C at 20 °C/ min. followed by 150 to 280 °C 
at 5 °C/ min. Quantitative results were obtained using a flame ionization detector 
(FID). Structural information was obtained using a Finnigan M A T 8230 magnetic 
sector mass spectrometer, operating in the El-mode, and interfaced to a SS300 data 
system (San Jose, C A , USA). The details of the instrument conditions are listed in 
Table I. 
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Figure 5. Schematic of the Short Path Thermal Desorption System 
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Table ï, Instrument Conditions; for the Analysis of Powdered Turmeric 

Instrument: Short Path Thermal Desorption System TD-3 

Carrier (He) 1 mL/min. 
Heating block temp. 220 °C 
Desorption time 5 min. 

Instrument: Varian 3400 GC 

Column DB-1 60 m χ 0.32 mm (i.d.) capillary column, df= 0.25 μπι 
Temp. prog. -20 to 150 °C @ 20 °C/ min., 150 to 280 °C @ 5 °C/ min. 
Inj.temp. 220 °C 
FID temp. 325 °C 

Instrument: Finnigan MAT 8230 Mass Spectrometer 

Masses scanned 35-350 amu 
El-mode 70 eV @ 1mA 
GC-MS interface line 280 °C 
MS inlet temp. 240 °C 
Ion source temp. 280 °C 

Results and Discussion 

Figure 6 shows a GC chromatogram of turmeric powder obtained by direct thermal 
extraction. The major late eluting peaks in this chromatogram were correlated with the 
late eluting peaks detected by thermospray LC-MS based on molecular weight and 
relative intensity. 

The data obtained by GC using a flame ionization detector were used to obtain 
semi-quantitative results for the volatile components in five turmeric powders. 
Calculations were based on comparing the response of each component to the 
response of 
dg-naphthalene used as an internal standard. The following equation was used for this 
calculation. Results are listed in Table II. 

ppm = [(ISTDWT μ 8 χ A R E A S P L ) / ( A R E A S T D χ SPLWT g)] χ PERCENT] 

where 
ISTDWT is the weight of the internal standard added to each sample in 

A R E A S P L is the peak area for the component of interest 
A R E A S T D is the peak area for the internal standard 
SPLWT is the weight of the turmeric-Chromosorb mixture weighed 
into the desorption tube in grams 
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14,15,16 

1. 3.4,5-triroethyl-2-cyclopentent-l-one 
ISTD 

3 coumaran 
4. 2-hydroxy-5-methylacetophenone 
5. vanillin 
6. curcumene 
7. compound 1 
8. zingiberene 
9. β-bisabolene 
10. dehydrocurcumene (proposed) 
11. compound 2 
12. ar-turmerol 
13. compound 3 
14. ar-turmerone 
15. turmerone 
16. curlone 
17. compound 4 
18. compound 5 
19. dehydrozingerone 
20. compound 7 
21. compound 8 
22. compound 9 
23. compound 10 

10.11.12.13 

3 

—I— 

15 

6,7,8,9 

—I Γ -

10 20 25 30 35 
time (min.) 

Figure 6. Direct Thermal Extraction Chromatogram of Powdered Turmeric 
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8. HISERODT ET AL. Volatiles in Powdered Turmeric 93 

Table III. Eight Most Abundant Ions and Intensities for the Minor Volatile and 
Semi-volatile Components in Powdered Turmeric 

Component m/z (Intensity) 

Compound 1 
MW=204 (2%) 

41 (100%) 119(75%) 93 (56%) 91 (38%) 69 (36%) 77 (34%) 39 (32%) 43 (26%) 

Dehydrocurcumene 
MW=200 (4%) 

119(100%) 91 (22%) 120 (14%) 105 (12%) 41 (11%) 27 (10%) 43 (8%) 83 (7%) 

Compound 2 
MW=216(4%) 

119(100%) 71 (38%) 43 (31%) 41 (29%) 91 (20%) 39(18%) 132 (16%) 117(12%) 

ar-turmerol 
MW=218(4%) 

119(100%) 85 (32%) 120 (16%) 117(14%) 91 (12%) 157 (10%) 200 (8%) 185 (6%) 

Compound 3 
MW=204 (8%) 

120 (100%) 41 (52%) 69 (50%) 91 (48%) 55 (47%) 93 (46%) 119(44%) 105 (30%) 

Compound 4 
MW=220 (6%) 

41 (100%) 137 (62%) 95 (46%) 110(43%) 135 (41%) 55 (38%) 109 (34%) 67 (32%) 

Compound 5 
MW=216(1%) 

119(100%) 83 (76%) 55 (27%) 91 (21%) 43 (16%) 39 (14%) 41 (13%) 120 (12%) 

Compound 6 
MW=218(26%) 

83 (100%) 135 (67%) 55 (53%) 123 (50%) 41 (40%) 107 (34%) 67 (32%) 91 (28%) 

Compound 7 
MW=234 (3%) 

83 (100%) 55 (50%) 93 (40%) 114(38%) 121 (33%) 91 (32%) 77 (30%) 41 (26%) 

Compound 8 
MW=232 (14%) 

83 (100%) 199 (52%) 135 (46%) 55 (32%) 91 (21%) 39 (20%) 41 (15%) 43 (15%) 

Compound 9 
MW=216(3%) 

118(100%) 83 (64%) 55 (30%) 117(21%) 91 (18%) 136(15%) 119 (14%) 39 (13%) 

Compound 10 
MW=234 (3%) 

83 (100%) 55 (65%) 137 (55%) 110(50%) 39 (38%) 41 (35%) 43 (28%) 95 (25%) 

Source: Reprinted from ref. 18. Copyright 1996 
with kind permission from Elsevier Science - N L , Sara Burgerhartstraat 25, 
1055 K V Amsterdam, The Netherlands. 
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94 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

>° 00° 
3,4,5-trimethyl-2-cyclopentene-l-one coumaran 2-hydroxy-S-methyI acetophenone 

(MW=124) (MW=120) (MW=150) 

vanillin curcumene compound 1 (proposed) 
(MW=152) (MW=202) (MW=204) 

compound 2 (proposed) ar-turmerol compound 3 (proposed) 
(MW=216) (MW=218) (MW=204) 

Figure 10. Known and Proposed Structures for Volatile and Semi-volatile 
Components in Turmeric 
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H I S E R O D T E T A L . Volatiles in Powdered Turmeric 

compound 4 (proposed) compound 5 compound 6 (proposed) 
(MW=220) (MW=216) (MW=218) 

compound 9 compound 10 (proposed) 
(MW=216) (MW=234) 

Figure 10. Continued 
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PERCENT is the percent, expressed as a decimal, of turmeric in the 
turmeric-Chromosorb mixture. 

El-mass spectra were obtained for each component. Figures 7, 8, & 9 show the 
El-mass spectra for the three major components detected by direct thermal extraction 
GC-MS. Table III contains a list of the eight most abundant ions for the minor 
components in turmeric powder and their relative intensities. Figure 10 lists the 
structures for the components detected. Some of these identifications are based on 
correlation with mass spectra in the NIST/EPA/NIH Mass Spectral Library. However, 
the mass spectra for most of the components could not be found in the library and 
many of the structures in Figure 10 are proposed structures. For proposed structures, 
the identifications are based on similarities with components for which there was a 
good library match and by evaluation of the fragmentation patterns. 

Figure 7 shows the El-mass spectra for ar-turmerone, the character impact 
compound for turmeric. The identification of this component was based on 
interpretation of the mass spectrum and correlation with previously reported data 
(9,10). Figure 8 shows the mass spectrum of turmerone. Mass spectral data for this 
component was also reported by Su, et al (9). They reported a base peak at m/z =121 
with a probe temp equal to 70°C. They also reported the appearance of an ion at m/z = 
119 when the probe temperature was increased 150°C which they attributed to the 
aromatization of the cyclohexadienyl moiety at the high temperatures of the GC-MS 
interface line. Figure 9 shows the mass spectrum of curlone. This agrees with the data 
reported by Kisco, et al (12). 

Additional research on the analysis of volatile components in Curcuma species 
can be found in the literature (10,13,14,15). 

Conclusion 

Extraction of natural products yields complex mixtures of volatile, semi-volatile, and 
nonvolatile components. No one technique for obtaining mass spectral data for these 
components is generally applicable. Direct thermal extraction GC-MS proved to be a 
valuable technique for the identification of volatile and semi-volatile components in 
powdered turmeric. 
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Chapter 9 

Pungent Flavor Profiles and Components 
of Spices by Chromatography and 

Chemiluminescent Nitrogen Detection 

E. M. Fujinari 

Antek Instruments, Inc., 300 Bammel Westfield Road, 
Houston, TX 77090-3508 

The pungent characteristic of hot flavors is often due to the 
presence of a class of nitrogen containing compounds such as 
capsaicinoids. These components can be analyzed by 
chromatography with chemiluminescent nitrogen detection 
(CLND). This sensitive nitrogen-specific detector can 
simplify complex analyses by eliminating non-nitrogenous 
components in the sample. This allows the chromatographer 
to easily focus on the separation of the nitrogen containing 
components responsible for the "hotness" of spices. 

Many kinds of nitrogen containing compounds responsible for 
pungent or "hot" flavors in spices have been reported. Structures of 
hot components (I-V) in horseradish oil are shown in Figure 1. The 
red hot chili peppers contain nitrogenous compounds known as 
capsaicinoids which are quite similar in structure (Figure 2). Hybrid 
peppers possess different degrees of hotness, e.g. jalapeno> Indian 
birds-eyeTs> Mexican habanero varieties. Piperine (IX) is the hot 
component in black pepper. Since these analytes contain nitrogen, 
chromatographic detection using the chemiluminescent nitrogen 
detector is inherently suitable. Simplified chromatograms are 
obtained since non-nitrogenous compounds in the samples are 
transparent to the detector. 

Historically, capsaicinoids in foods have been analyzed by 
organoleptic evaluation Q J , colorimetry (2), and U V 
spectrophotometric methods (3,4). Chromatographic methods have 
also been used, including thin layer chromatography (TLC) (5,6) and 
gas chromatography ( G Q (7-9). Typically, G C methods require a 

© 1997 American Chemical Society 
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9. F U J I N A R I Pungent Flavor Profiles & Components of Spices 99 

1 

H \ H 
C = C C C = N 

y/ H H 

But-3-cnonilrile 

II 

H \ H 
C = C C S — C = N 

1 / H H 

Allyl Ihiocyanale 

III 
H \ H 

C = C C N = C = = S 

1 / H H 

Ally! isothiocyanate 

IV ^ — N = C = S 

2-Butyl isolhiocyanale 

N = C = S 

V 

Phenyl elhyl isothiocyanate 

Figure 1. Structure of hot compounds in horseradish oil. 
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100 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Figure 2. Structure of capsaicinoids and piperine. 
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9. FUJINARI Pungent Flavor Profiles & Components of Spices 101 

derivatization step for these compounds prior to analysis in order to 
make them more volatile. However, capsaicins have been analyzed 
without derivatization by high performance liquid chromatography 
(HPLC) with UV detection using normal- and reversed-phase 
techniques (10-17). Better resolution of capsaicins (17) has been 
reported using reversed-phase (RP) rather than normal-phase (NP) 
chromatography. Reversed-phase HPLC separation of piperine 
followed by UV detection has been reported earlier (14,18). Using 
mass spectrometry (MS) as a means for GC detection provides a 
powerful tool for structural characterization of flavors, e.g. ginger oil 
(19). However, quantitation of analytes by MS detection in 
chromatography may be difficult because of the response variation of 
the detector due to sample and/or solvent induced matrix effects. On 
the other hand, the CLND response is stable and not affected by 
complex sample matrices. Quantitation of capsaicin and 
dihydrocapsaicin in red pepper by HPLC-CLND was previously 
reported (20). The linear response of the CLND is shown in Figure 3. 

5.00 10.OB 15. 
Concentration 

capsaicin ĝ) 
r=0.99952; m=0.00189; b=-0.00202 

Figure 3. HPLC-CLND calibration curve of capsaicin. 
Reprinted with permission from Ε. M. Fujinari, in "Spices, 
Herbs and Edible Fungi", G. Charalambous (Ed.), 1994, 
pp 367-379. 
with kind permission from Elsevier Science - NL, Sara 
Burgerhartstraat 25, 1055 KV Amsterdam, The Netherlands. 
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102 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Benn et. al. (21) demonstrated the use of GC-CLND for the 
detection of nitrogen containing compounds in flavors and essential 
oils. The advantage of this technique is illustrated in Figures 4a-b 
using a CP-Sil 5 CB (Chrompack, 25m χ 0.53mm ID, 1.0 μηι film 
thickness) column. Figure 4a is the GC-FID profile of a green pepper 
flavor containing nitrogenous components from the horseradish oil 
and the three pyrazine compounds. As Figure 4b shows, using GC-
CLND, the nitrogen-containing compounds are easily detected 
without interference from the sample matrix. Peak identification was 
achieved using the horseradish oil and the pyrazine standards. 

Supercritical fluids (such as supercritical CO2) possess similar 
viscosities to those of gases, yet their diffusivities are much greater 
than liquids. These physical properties together provide higher 
separation efficiencies for SFC, with sharper peaks than for HPLC. 
Since high molecular weight and thermally labile compounds can be 
analyzed by this technique, SFC also provides an added advantage 
over GC. Taylor et. al. (22) reported a feasibility study for 
supercritical fluid chromatography - chemiluminescent nitrogen 
detection (SFC-CLND) with open tubular columns. SFC-CLND of 
hot mustard extract is shown in Figure 5. Hot components were 
identified as allyl isothiocyanate (peak A) and butyl isothiocyanate 
(peak B) using corresponding analytical standards. 

This paper will focus on nitrogen-specific detection for liquid 
chromatography including HPLC-CLND profiles of chili powder, 
paprika oleoresin, black pepper, and capsaicins in onion and garlic 
flavors. 

Experimental 

Apparatus. High performance liquid chromatographic separations 
were achieved on a binary gradient microbore HPLC system: primary 
pump (A) Model 305, secondary pump (B) Model 306, monometric 
module Model 805, and a dynamic mixer Model 811C from Gilson 
Inc. (Middleton, WI). Sample injections were achieved with a 20 \iL 
loop on a Model EQ-36 injection valve from Valco Instruments Co. 
Inc. (Houston, TX). A stainless steel Y-splitter also from Valco was 
used in order to achieve a post-column split of the mobile phase flow 
to the CLND. A Supelcosil LC-18S analytical HPLC column was 
purchased from SUPELCO Inc. (Bellefonte, PA). The Y-splitter was 
attached to the analytical column by a SLIPFREE connector, 
available from Keystone Scientific Inc. (Bellefonte, PA). Analyses of 
nor-dihydrocapsaicin, capsaicin and dihydrocapsaicin in spices as well 
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9. FUJINARI Pungent Flavor Profiles & Components of Spices 103 

Figure 4. GC profile of green pepper flavor with horseradish 
oil and pyrazine mixtures. 
a) FID: peaks Ε = 2-methyl-3-methoxypyrazine and 

G = 2-methoxy-3-ethylpyrazine. 
b) CLND: peaks A = but-3-enonitrile, Β = allyl thiocyanate, 
C = allyl isothiocyanate, D = 2-butyl isothiocyanate, 
Ε = 2-methyl-3-methoxypyrazine, F = 2-methyl-5-
methoxypyrazine, G = 2-methoxy-3-ethyl pyrazine, 
and H = phenyl ethyl isothiocyanate. Reprinted with 
permission from S. M. Benn, K. Myung, and Ε. M. Fujinari, 
in "Food Flavors, Ingredients and Composition", G. 
Charalambous (Ed.), 1993, pp 65-73. 
with kind permission from Elsevier Science - NL, Sara 
Burgerhartstraat 25, 1055 KV Amsterdam, The Netherlands. 
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104 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

10 

Time (min) 

—ι 
20 

Figure 5. Capillary SFC-CLND profile of hot mustard extract 
[0.1 gram of mustard powder extracted in 1 mL water (30%) 
and methanol (70%) solution]. Peaks A = allyl isothiocyanate, 
Β = 2-butyl isothiocyanate, and C = unknown nitrogen 
containing compound. Chromatographic conditions: 
pressure program from 80 atm (hold 5 min), ramp to 150 atm 
at 10 atm/min, then to 200 atm at 15 atm/min; Cyano (20 m χ 
100 mm ID, 0.25 mm film thickness) column; time split 
injection 0.2 sec. Reprinted with permission from H. Shi, 
J. T. B. Strode III, Ε. M. Fujinari and L. T. Taylor, 
J Chromatogr. A, 734 (1996) 303. 
with kind permission from Elsevier Science - NL, Sara 
Burgerhartstraat 25, 1055 KV Amsterdam, The Netherlands. 
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9. FUJINARI Pungent Flavor Profiles & Components of Spices 105 

as pipeline in black pepper were accomplished with the nitrogen 
specific detector, model 7000 HPLC-CLND, from Antek Instruments 
Inc. (Houston, TX) and Delta chromatography software from Digital 
Solutions (Margate, Australia) run on an IBM 486 compatible 
computer. 

Reagents and Standards. The natural capsaicin standard mixture 
was composed of 65% capsaicin and 35% dihydrocapsaicin. Piperine 
(97%) and citric acid (99+%) were also purchased from Aldrich 
Chemical Co. (Milwaukee, WI). HPLC grade methanol (99+%) was 
obtained from Fisher Scientific Co. (Fair Lawn, NJ). Sodium free 
distilled water was obtained from Ozarka Drinking Water Co. 
(Houston, TX). All standards and reagents were used without further 
purification. The HPLC mobile phase was filtered through a 
Millipore Corp. (Bedford, MA) HV filter with a 0.45 μπι pore size. 
Paprika oleoresin, onion, garlic, black pepper, and chili powders were 
obtained from commercial sources. 

Analytical method. The capsaicin/dihydrocapsaicin and piperine 
reference standards were prepared as 13.19 mg/mL and 4.16 mg/mL 
solutions in methanol, respectively. Samples were prepared by 
separately weighing the following and bringing the volume to 25 mL 
with methanol: red chili powder (2.5136 g), black pepper powder 
(2.5154 g), onion powder (1.5126 g), and garlic powder (1.5297 g). 
Each sample (5 mL) was concentrated to 1 mL final volume with a 
gentle stream of helium. Samples for the hot garlic and onion flavor 
profiles were prepared using a (1 + 1 v/v) mixture of the capsaicin 
reference standard and 100 of the concentrated flavors. HPLC-
CLND analyses were accomplished using a 15 \iL partial filled 
injection to a 20 μΐ, sample loop into a Supelcosil LC-18S analytical 
column: 250mm χ 4.6mm ID, 5 μηι particle size, 100 A pore size. An 
isocratic mobile phase, methanol/water with 0.1% citric acid at pH 3.0 
(65:35 v/v), was utilized with a flow rate of 0.650 mL/min. A Y-
splittèr was configured post-column and used to deliver a flow of 100 
μί/ιηίη to the CLND. The CLND conditions were: 1100° C pyrolysis 
temperature, PMT voltage 780, range xlO, and 1 volt detector output. 

Results and Discussion 

This chemiluminescent nitrogen detector for HPLC was first 
described in (23). The detection mechanism for nitrogen 
determination is shown below: 
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106 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

1100°C 
R-N + 0( ·ΝΟ + other oxides 

* 
•NO + O, NO_ + hv 

3 

Nitrogen containing analytes (R-N) are oxidized in a furnace at high 
temperatures to nitric oxide (·ΝΟ). Chemiluminescence as shown in 
the second equation is detected by a photomultiplier tube (PMT). The 
photons detected are proportional to the amount of nitrogen in the 
analyte(s). 

The HPLC-CLND profile of red chili pepper is shown in Figure 
6. The capsaicinoids nordihydrocapsaicin (A), capsaicin (B), and 
dihydrocapsaicin (C) are easily observed without interference from the 
red chili powder matrix in this chromatogram. This separation was 
achieved via isocratic reversed-phase chromatography using a mobile 
phase consisting of MeOH/water with 0.1% citric acid at pH 3.0 
(65:35 v/v). A Supelcosil LC-18S (250mm χ 4.6mm ID) column with 
a mobile phase flow rate of 0.65 mL/min was used. A post-column 
split was used to direct 100 μί/ππη to the CLND. The three 
capsaicinoid compounds (A, B, and C) are also very easily detected in 
onion (Figure 7) and garlic (Figure 8). Several polar nitrogen 
containing components eluted at the solvent front for the onion, garlic 
and red chili powder samples. Figure 9 shows the HPLC-CLND 
profile of black pepper. Paprika oleoresin was extracted by the 
method reported by Cooper (17) and analyzed by HPLC-CLND 
(Figure 10) showing the presence of capsaicin (A) and 
dihydrocapsaicin (B). 

Conclusion 

Pungent (hot) components can be separated using gas chromato­
graphy, supercritical fluid chromatography, and high performance 
liquid chromatography and detected with the chemiluminescent 
nitrogen detectors (CLND). These nitrogen-specific detectors provide 
a means of analyzing nitrogen-containing compounds free of matrix 
interference. 
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β» - 1 9 3 3 

C9 . C»C»CS 

Β 

Time (min) 

Figure 6. HPLC-CLND profile of red chili powder. 
Peaks: A = nordihydrocapsaicin, Β = capsaicin, and 
C= dihydrocapsaicin. 
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Figure 7. HPLC-CLND profile of capsaicins with onion flavor. 
Peaks: A = nordihydrocapsaicin, Β = capsaicin, and 
C= dihydrocapsaicin. 
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Figure 8. HPLC-CLND profile of capsaicins with garlic flavor. 
Peaks: A = nordihydrocapsaicin, Β = capsaicin, and 
C= dihydrocapsaicin. 
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Figure 9. HPLC-CLND profile of piperine in black pepper. 
Peak: A = piperine. 
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Figure 10. HPLC-CLND profile of paprika oleoresin. 
Peaks: A = capsaicin and Β = dihydrocapsaicin. 

Literature Cited 

1. Govindarajan, V.S.; Narasimhan, S.; Dhanara, S.J. J. Food Sci. 
Technol. 1977, 14, 28-34. 

2. Van Fedor, K.; Unters, Z . Lebensm 1931, 61, 94-100. 
3. DiCecco, J.J. J. Assoc. Off. Anal. Chem. 1979, 62, 998-1000. 
4. Trejo, G.; Wila, A . J. Food Sci. 1973, 38, 342-344. 
5. Spanjar, P.; Blazovich, M . Analyst 1969, 94, 1084-1089. 
6. Andre, L . ; Mile, L. Acta Alimen. 1975, 4, 113-121. 
7. Hartman, K.T . J . Food Sci. 1970, 35, 543-547. 
8. DiCecco, J. J. Assoc. Off. Anal. Chem. 1976, 59, 1-3. 
9. Todd, P.H.; Bensinger, M . G . ; Biftu, T. J . Food Sci. 1977, 42, 

660-668. 
10. Woodbury, J.E. J. Assoc. Off. Anal. Chem., 1980, 63, 556-558. 
11. Saria, Α.; Lembeck, F.; Skofitsch, G . J. Chromatogr. 1981, 

208, 41-46. 
12. Hoffman, P.G.; Lego, M . C . ; Galetto, W . G . J. Agric. Food 

Chem.. 1983, 31, 1326-1330. 
13. Law, M.W. J. Assoc. Off. Anal. Chem. 1983, 66, 1304-1306. 
14. Weaver, K . M . ; Luker, R.G; Neale, M . E. J. Chromatogr. 1984, 

301, 288-291. 
15. Kawada, T.; Watanabe, T.; Katsura, K.; Takami, H. ; Iwai, K. J. 

Chromatogr. 1985, 329, 99-105. 

 O
ct

ob
er

 2
4,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
an

ua
ry

 2
9,

 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

97
-0

66
0.

ch
00

9



112 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

16. Weaver, K . M . ; Awde, D.B. J. Chromatogr. 1986, 367, 438-
442. 

17. Cooper, T . H . ; Guzinski, J.A.; Fisher, C . J. Agric. Food Chem. 
1991, 39 2253-2256. 

18. Wood, A.B.; Barrow, M . L . ; James, D.J. Flavour Fragr. J. 1988, 
3, 55-64. 

19. Vernin, G. ; Parakanyi, C. In Spices, Herbs, and Edible Fungi; 
Charalambous, G . , Ed.; Developments in Food Science Series 
34; Elsevier Science Publishers, Amsterdam, The Netherlands, 
1994, 34 579-594. 

20. Fujinari, E . M . In Spices, Herbs, and Edible Fungi; 
Charalambous, G. , Ed.; Developments in Food Science Series 
34; Elsevier Science Publishers, Amsterdam, The Netherlands, 
1994, 34 367-379. 

21. Benn, S. M . ; Myung, K.; Fujinari, Ε. M . In Food Flavors, 
Ingredients and Composition; Charalambous, G . , Ed.; 
Developments in Food Science Series 32; Elsevier Science 
Publishers, Amsterdam, The Netherlands, 1993, 32 65-73. 

22. Shi, H . ; Strode, J.T.B.III; Fujinari, E . M . ; Taylor, L .T . J. 
Chromatogr.A, 734 (1996) 303-310. 

23. Fujinari E . M . ; Courthaudon L . O. J. Chromatogr. 1992, 592, 
209-214. 

 O
ct

ob
er

 2
4,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
an

ua
ry

 2
9,

 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

97
-0

66
0.

ch
00

9



Chapter 10 

Supercritical Fluid Extraction 
of Allium Species 

Elizabeth M. Calvey1 and Eric Block2 

1Center for Food Safety and Applied Nutrition, U.S. Food and Drug 
Administration, 200 C Street Southwest, Washington, DC 20204 

2Department of Chemistry, State University of New York—Albany, 
Albany, NY 12222 

Supercritical fluid technologies are viable alternatives for the extraction 
and analysis of natural products because of the heightened awareness of 
the cost and safety hazards associated with the use and disposal of 
conventional organic solvents. Supercritical CO2 (SC-CO2) is of 
particular interest to the food industry. Because of its low critical 
temperature, SC-CO 2 extraction can provide an accurate representation 
of the taste, color and odor of naturally occurring materials found in 
spices, flavors and foods. The application of supercritical fluid 
extraction technology to the analysis and/or production of spice and 
flavor extracts is discussed. The use of the technology in the extraction 
of organosulfur compounds found in Allium species is emphasized. 

Applications of supercritical fluid extraction (SFE) technologies are being investigated 
extensively by the food industry (1-9). The extensive patent activity related to food 
processing applications since the early 1970s is evidence of interest in SFE. Over 50 
patents have been issued or applied for in the US or elsewhere. Table I lists some of 
the patents related to the flavor and spice industry (10-23). Supercritical CO2 (SC-
CO2) with its low critical temperature (31.3 °C) is of particular interest to the food 
industry because many of the components in food matrices react or degrade at elevated 
temperatures. The advantages of SFE for the food industry include potentially higher 
yields, better quality products and the use of a nonflammable, nontoxic solvent. 
Current Food and Drug Administration regulations [21 Code of Federal Regulations 
184.1240(c)] list CO 2 as "generally recognized as safe" when used as a direct human 
food ingredient. For this reason, CO 2 can be used in food with virtually no limitations 
other than current good manufacturing practice. In contrast, the use of traditional 
organic solvents requires the removal of residual solvent to permitted levels. This 
removal usually requires some distillation, which can cause off-flavors due to 
decomposition of components at the elevated temperatures used. The chance of off-
flavors resulting from residual solvents is eliminated when extracting with SC-CO2 
because of the ease of removing CO2 from the food matrix. Other motives for the 
investigation of SFs include the potential for new product development and compliance 
with more stringent pollution control regulations that increase the cost of waste disposal 
of traditional solvents (24). 

Although SC-CO2 can solubilize non-polar to moderately polar compounds, the 
use of entrainers or modifiers (e.g., ethanol) enhances the solvating properties of the 

© 1997 American Chemical Society 
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114 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

T A B L E I. Representative Patents Related to SFE of Flavors and Spices 

Patent # Date Tide Reference 

US 3 477 856 11/11/69 Process for the Extraction of Flavors 10 

US 4 123 559 10/31/78 Process for the Production of Spice 
Extracts 

10,11 

DE 3 133 032 3/3/83 Apparatus and Methods for Extraction 12 

US 4 400 398 8/23/83 Method for Obtaining Aromatics and 
Dyestuffs from Bell Peppers 

10 

US 4 470 927 9/11/84 Method of Extracting the Flavoring 
Substances from the Vanilla Capsule 

10,13 

US 4 474 994 10/2/84 Purification of Vanillin 10,14 

US 4 490 398 12/25/84 Process for the Preparation of Spice 
Extracts 

10,15 

JP 84 232 064 12/26/84 Manufacture of Flavoring Substances 16 

EPAppl . 206 738/ 
US Appl. 746 607 

12/30/86 
6/19/85 

Process for the Production of Citrus 
Flavor and Aroma Compositions 

17 

EP Appl. 154 258 12/11/85 Flavoring Extracts 18 

JP 63 87 977 4/19/88 Isolation of Spices, Peroxides and 
Other Useful Components from 
Cruciferous Plants 

19 

JP01 117 761 5/10/89 Extraction of Flavor Components of 
Alcoholic Beverages 

20 

JP02 135 069 5/23/90 Manufacture of Spice Extracts 21 

JP 02 235 997 9/18/90 Extraction of Flavoring from 
Seaweeds 

22 

US 5 120 558 6/9/92 Process for the Supercritical 
Extraction and Fractionation of 
Spices 

23 
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10. C A L V E Y & BLOCK SCFE of Allium Species 115 

fluid. Whereas a neat compound may be soluble in SC-CO2, it may not be extractable 
from its matrix without the addition of an entraîner. This phenomenon is demonstrated 
in the decaffeination of coffee (10); neat caffeine is soluble in dry SC-CO2, but moist 
SC-CO2 or moist coffee is necessary for the extraction of caffeine from coffee beans. 
This same phenomenon occurs with decaffeination by traditional organic solvents. 
Investigators have hypothesized that water frees the "chemically bound" caffeine in the 
coffee matrix. 

An SFE system contains five basic components: pump(s), extraction vessel, 
temperature controls, pressure controls and separator(s). For processing, a variety of 
recovery strategies is viable: a) change of temperature; b) change of pressure; and/or c) 
use of a suitable adsorbent material. The complexity of the processing SEE system 
depends on the desired application and the mode of product recovery. Rizvi et al. (8) 
divided food-related SFE applications into three basic categories: a) total extraction, b) 
deodorization, and c) fractionation. Total extraction is the removal of a component or 
group of related compounds from an insoluble matrix. This type of process is 
exemplified by the extraction of vegetable oils with SC-CO2. Deodorization relates to 
operating the extraction system at less than the maximum density of the solvent. The 
extraction conditions are usually held constant while the components of interest, 
generally the more soluble ones, are preferentially removed from the matrix. This type 
of application is appropriate for the removal of objectionable aromatics or the extraction 
of desirable odor components such as from spices. Whereas SFE in general 
fractionates a matrix, Rizvi et al. (8) use the term fractionation to describe the 
separation of coextracted components from each other. They also use the term to 
describe concentration of components either as the extractant or in the residual material. 
In sample preparation, the SFE system can be directly attached to a chromatographic 
system and used as an on-line injection technique. If SFE is performed off-line, the 
resulting extractant is introduced into a chromatographic system via conventional 
injection techniques. Multiple examples of on-line and off-line analytical scale SFE 
related to food products can be found in the literature (9,25-44). 

S F E of Spices and Flavors 

Although many compounds have been extracted by using SC-CO2, the majority of the 
work related to food products can be divided into three broad categories: flavors/spices, 
herbicides/pesticides and lipids. Table Π lists the extraction conditions which use SC-
CO2 for a variety of spice and flavor applications. The loss of the volatile components 
desired in spice extracts is reduced because CO2 is a gas at room temperature and the 
higher temperatures required in distillation are not needed. Hubert and Vitzthum (47) 
indicated that the best spice extracts have all the organoleptic factors of the whole spice 
even after dilution of the extract. They investigated black pepper, nutmeg and chilies 
and indicated that the products obtained from the SC-CO2 extractions were 
organoleptically similar to the commercially obtained extracts. In 1981 Caragay (48) 
reviewed the extraction conditions for cloves, cinnamon and vanilla pods. Stahl and 
Gerard (45) studied the solubility and fractionation of essential oils in SC-CO2. They 
were able to obtain quantitative recovery of these volatile oils free of undesirable 
substances without fractionation of the essential oils themselves. Once the essential oil 
components were extracted, further fractionation into certain substance groups (i.e., 
monoterpene hydrocarbons, sesquiterpene hydrocarbons, oxygen containing 
monoterpenes and oxygen containing sesquiterpenes) was possible. Several 
laboratories have employed off-line extraction techniques to fractionate the flavor 
components of ginger, pimento berries, apple essence (29) and lemon peel (30). By 
using gas chromatography (GC) as the means of analysis, these laboratories were able 
to show some fractionation of the flavor components as a function of the extraction 
density. Other laboratories have investigated the use of SFE in flavor analysis by direct 
coupling of the extractor to a chromatographic technique such as GC (25,26,33,38) 
and SFC (27,34). 
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116 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

T A B L E Π. Representative Applications of SFE Related to Flavors and Spices 

Commodity Conditions Reference 

Rosemary 45 °C; 300 atm; 10 min; cryotrapping 
-65 or-10 °C 

25 

Eucalyptus leaves, lime peel, 
lemon peel, basil 

45 °C; 300 atm; 10 min; cryogenic 
trapping-50 to 30 °C 

26 

Cold-pressed grapefruit oil 70 °C; 0.1767-0.8579 g/mL; 12 min; 
cryotrapping -65 or -10 °C 

27 

Garlic and onion 35 °C; 240 atm; 30 min; cryotrapping 
0-1 °C 

28 

Ginger, pimento berries 50 °C; 1500-5000 psi 29 

Lemon peel oil 30-58 °C; 90-250 kg/cm2 30 

Mexican spices (Origanum vulgare 
and Pimpinella anisum) 

55 °C; 167 bars; separation vessel: 
55 °C; 26.7 bar. 

31 

Chamomile essential oil 40 °C; 90 bar; separation vessels in 
series: 0 °C, 90 bar; -5 °C, 30 bar. 

32 

Cloves 40-140 °C; 82-400 atm; 4.5 h 33 

Turmeric 60 °C; 250-280 bar; 15-20% MeOH 34 

Shiitake mushrooms 40 °C; 3000 psi; fractionation 
through several traps 

35 

Hops essential oil, bitter principles 50 °C; 0.05-0.1 g/mL; 15-30 min 36 

Lavender essential oil, waxes 48 °C; 90 bar; separation vessels in 
series: -10 °C, 80 bar; 0 °C, 25 bar. 

37 

Caraway fruits 50 °C; 9.7 MPa 38 

Ginger 40 °C; 0.85 g/mL; 3 min static, 30 
min dynamic; 1 mlVmin 

39 

Essential oil components 
(limonene, carvone, anethole 
eugenol, caryophyllene, 
valeranone) 

40-120 °C; 20-120 bar 45 

Orange juice (treatment used to 
deactivate pectinesterase) 

35-60 °C; 7-34 MPa; 15-180 min 46 
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10. C A L V E Y & BLOCK SCFE of All ium Species 117 

S F E of Allium Species 

The natural flavors from garlic (Allium sativum), onion (A. cepa), and other Allium 
species, like those from many other common vegetables and fruits, are not present as 
such in the intact plants but are formed by enzymatic processes when the plants are 
chewed or cut (49). Additional flavors, also considered natural, are formed during 
cooking as a result of the thermal breakdown of the initial enzymatically produced 
flavorants in either an aqueous on nonaqueous (e.g., cooking oil) medium. If the 
breakdown products are unstable, other compounds can be formed, which can 
contribute to the aroma and taste of the food. 

Supercritical fluid extraction of Allium species with CO 2 provides an effective 
and environmentally friendly alternative to traditional organic extractions. Miles and 
Quimby (50) extracted garlic products by using SC-CO2 under mild conditions. They 
analyzed the extracts by GC with atomic emission detection. Sinha (51) extracted 
onions with SC-CO2 and analyzed the extracts by GC-mass spectrometry (MS). The 
use of traditional GC methodologies in the analyses of these SF extracts by the above 
research groups precluded the identification of those compounds primarily responsible 
for the characteristic flavors of freshly cut members of the genus Allium (52). We have 
previously shown that the chromatographic profiles of extracts of Allium species (garlic 
and onion) obtained with SC-CO2 at the low temperature of 35°C were similar to the 
chromatographic profiles of corresponding organic solvent extracts (28). The flavor 
qualities of the SF extracts were judged to be comparable to those of fresh garlic and 
onion. Our experience with SFE of garlic contrasts with that of Wagner and Breu (53). 
They reported the complete decomposition of garlic compounds, such as allicin (S-2-
propenyl 2-propenethiosulfinate, AllS(O)SAll), after garlic juice was stored at room 
temperature for 3 h and then extracted with CO 2. It is difficult to evaluate their work 
because they did not report the SFE conditions employed. We observe very little 
change in the liquid chromatographic profile of SF extracts of aqueous homogenates of 
garlic that were extracted at 35°C following storage for 10 min or 2 h at room 
temperature (27.5°C) (Figure 1). Our observations agree with those of Lawson (54), 
who has shown that the half-life of allicin at room temperature is 4 days in water. 

Supercritical fluid extraction of the major garlic flavorant, allicin, is 25% more 
efficient than the best procedure which uses organic solvents if the SFE is done at or 
below 35°C. Liquid chromatography (LC)-MS under thermospray conditions 
confirmed the identity of allicin from the garlic (28). Analyses of SF extracts of 
commercial garlic products which have been reconstituted by addition of water showed 
L C profiles similar to those seen with fresh garlic. Allicin and related thiosulfinates 
(RS(O)SR') have been identified in SF extracts of garlic (Figure 2A), freeze-dried 
ramp (A. tricoccum) and frozen ramp (Figure 2B). The ratio of the thiosulfinates 
found are significantly different in the garlic and ramp. The major constituent in the 
garlic extract is allicin, peak (pk) 4. The major constituents in the frozen ramp extract 
are allyl methyl thiosulfinates (AllS(O)SMe, pks 2/3) with a significant contribution of 
the dimethyl thiosulfinate (MeS(O)SMe, pk 1). The 1-propenyl isomers of allicin are 
also present in both the garlic and ramp extracts. The chromatographic profile of the 
freeze-dried ramp extract more closely resembles the garlic extract than the extract from 
the frozen whole ramp. Ajoene (A11S(0)CH2CH=CHSSA11), a major component 
found in oil-macerated garlic products, has been found in small quantities in SF 
extracts of garlic and (tentatively) in those from ramp. The identity of these 
compounds has been verified by LC-MS employing atmospheric pressure chemical 
ionization (unpublished data). 

A similar study employing onion juice showed SFE to be ca. 69% as efficient 
as conventional organic solvents for extracting the major organosulfur compounds 
(28). The diminished efficiency of SFE for onion compared with garlic may be due to 
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118 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

5 ' Ϊ 0 ~ ^ Ϊ5 ' 20 25 ' 30 
Time (min) 

Figure 1. L C chromatograms (UV, 254 nm) representing: (A) SF extract of a garlic 
homogenate stored at room temperature for 10 min and (B) SF extract of a garlic 
homogenate stored at room temperature for 2 h. 
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Figure 2. L C chromatograms (UV, 254 nm) of SF extracts: (A) garlic and (B) 
frozen fresh ramps. Peak identification: (1) MeS(0)SMe; (2/3) AllS(0)SMe; and 
(4) allicin. 
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Figure 3. L C chromatograms (UV, 210 nm) of garlic SF extracts: (A) 35 °C, 3 
min static period at 240 atm. (B) 50 °C, 28 min static period at 240 atm. Peak 
identification: (5) ajoene(s); (6) 1,3-vinyldithiin; and (7) diallyl trisulfide. 

 O
ct

ob
er

 2
4,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
an

ua
ry

 2
9,

 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

97
-0

66
0.

ch
01

0
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the 100-fold decrease in levels of flavorants in the former and/or our failure to detect 
non-volatile flavorants present in the SF extracts of onions. The profile of the 
flavorants in SF extracts of onion, as determined using GC-MS, was very similar to 
that previously reported for ether extracts of onion (55). Analysis of SF extracts of 
onion by L C showed many more components than seen by GC-MS but peak overlap 
makes component identification difficult. In brief, analysis of an SF extract rapidly 
prepared from 10-15 g of fresh yellow onions and immediately analyzed showed the 
presence of various thiosulfinates, propanethial S-oxide (LF), bissulfine(s), 
zwiebelanes, significant quantities of a series of cepaenes (RS(O)CHEtSSR') and a 
few related compounds (56,57). Because many of these compounds were non­
volatile, GC-MS may have significantly underestimated the efficiency of the SFE 
procedure. Moreover many of these compounds had weak U V absorption so that 
monitoring L C analyses by U V detection at 254 nm was problematic. Instead, the 
identification of compounds was achieved by LC/MS techniques that resolved 
overlapping compounds of different masses (58). This analysis employed synthetic 
standards that had been authenticated by other spectroscopic methods. 

The Effect of SFE Conditions on the Distribution of Organosulfur 
Compounds Found in Garlic 

Yields of biologically active rearrangement products (ajoenes, dithiins and alkyl 
sulfides) derived from allicin vary with the type of solvent used. Iberl et al. (59) 
reported on the transformation products from crushed garlic that had been stored in 
ethanol for 9 days (216 h). Approximately 10% of the initial allicin was converted to 
the ajoenes and 8% of the allicin remained; the major product formed from the initial 
thiosulfinates present was the diallyl trisulfide (>70%). This pattern contrasted with 
Iberl et al's results for crushed garlic stored in oil. In this case, no allicin remained 
after 24 h, and the ajoenes, dithiins and diallyl disulfide constituted ca. 25,60 and 10% 
of the transformation products, respectively. At 48 and 216 h slight changes in these 
ratios of the transformation products were found in the crushed garlic stored in oil. 

We have continued our SFE studies of Allium species by investigating the 
effects of different SFE conditions (i.e., temperature, static extraction time and 
modifiers) on the distribution of organosulfur compounds in the resulting extracts. 
These extracts were analyzed by reversed-phase L C . Initially, we investigated the 
effect of temperature and the duration of static extraction time on the distribution of the 
organosulfur compounds in garlic SF extracts by comparing chromatographic profiles. 
An SF extract obtained at 35°C with a 5 min static extraction time was used as the 
reference. Our preliminary results showed that an SF extract obtained at 50°C with a 
30 min static period produced the most dramatic changes in the chromatographic 
profiles. These changes were observed after 15 min (Figure 3). By comparing L C 
retention times and on-line U V spectra with synthesized standards (Figure 4), two of 
the peaks in this region can be assigned as ajoene(s) (pk 5) and diallyl trisulfide (pk 7). 
The most intense peak in this region can be tentatively identified as 1,3-vmyldithiin (pk 
6) by comparing its U V spectra with that found in the literature (59). The other peaks 
in this region have U V spectra characteristic of alkylsulfides. 

Experimental 

Extraction. Allium extracts were obtained by using a PrepMaster and Accutrap 
(Suprex, Inc., Pittsburgh, PA). Whole cloves of garlic (2-4 g) or ramp bulbs (2-5 g) 
were homogenized in 10 mL/g of water at ambient temperature with a Tissumizer 
(Tekmar, Cincinnati, OH). Freeze dried ramp (0.5 g) was homogenized with 20 mL of 
water. The solutions were allowed to stand at room temperature for 5-10 min to ensure 
complete enzymatic conversion to the thiosulfinates and related compounds. 
Hydromatrix (Varian, Palo Alto, CA) was mixed with 15 mL of homogenate and 
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10. CALVEY& BLOCK SCFE of Allium Species 123 

placed in a 50 mL extraction vessel. Unless otherwise indicated, the homogenates 
were extracted at 35°C and 240 atm at a flow rate of 2 mL/min until 60 g of C O 2 
(SFE/SFC grade, Air Products, Allentown, PA) were consumed. A static extraction 
time of 5 min was used to ensure thermal equilibrium. The effluent was trapped on 
glass beads at 1°C and desorbed with 1 mL of methanol, methanol/water (50/50), or 
ethanol. The ramp extracts were analyzed directiy, whereas the garlic extracts were 
diluted to 5 mL with water. 

L C Analyses. L C analyses were performed by using a Waters 600 pump equipped 
with a Rheodyne Model 7725i manual injector (50 uL loop) and a Waters Model 991 
photodiode array detection system. Chromatographic separation was achieved on a 
YMC-Pack PolymerC18 (YMC Inc. Wilmington, NC) column with a OPTI-SOLV 
mini filter (Optimize Technologies Inc., Portland, OR). The linear gradient was 60% 
H 2 O (solvent A)/40% acetonitrile (solvent B) which was held for 10 min, then 
increased by 8% acetonitrile/min to 20% H2O/80% acetonitrile, and held for 15 min. 
The flow rate was 0.8 mL/min. 
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Chapter 11 

Determination of Glucosinolates 
in Mustard by High-Performance Liquid 

Chromatography—Electrospray Mass 
Spectrometry 

Carol L. Zrybko1 and Robert T. Rosen2 

1Nabisco, Inc., 200 DeForest Avenue, East Hanover, NJ 07936 
2Center for Advanced Food Technology, Cook College, Rutgers, 

The State University of New Jersey, New Brunswick, NJ 08903-0231 

A method was developed to determine glucosinolates in mustard 
seeds by reverse phase HPLC using volatile ion-pairing reagents 
followed by U V detection at 235 nm. Two external standards, 
phenethylglucosinolate and sinigrin were used to quantify results. 
The identities of individual mustard glucosinolates were confirmed 
by negative ion electrospray mass spectrometry as was L C peak 
purity. This LC/MS method may be used to identify species which 
are not commercially available as pure standards since mass 
spectrometry can be used to check for all known glucosinolate 
anions. 
Three mustard types were chosen from the Brassica species: yellow 
(Brassica hirta), brown, and oriental (Brassica juncea). Eleven 
mustard samples representing harvest areas of southwestern Canada 
were analyzed in triplicate for glucosinolate content. Percent 
coefficient of variation between triplicate samples of the same batch 
was often less than 10%. 

In mustard and other members of the Brassica species of the Cruciferea family of 
vegetables, the important nonvolatile precursors are the hydrophilic glucosinolates. 
The structure of glucosinolates, as seen in Figure 1, imparts strong acidic properties 
to the compound due to the sulfate group. Other important structural moieties 
include the glucose and cyano groups. Glucosinolates vary due to differences in 
the R group. The side group can be alkyl, branched alkyl, indole, aromatic, or 
unsaturated. The differences in the side chain impart different flavors to food. All 
glucosinolates are formed in plants from L-amino acids and sugars through a 
common biosynthetic pathway. 

© 1997 American Chemical Society 
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126 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

R 
CH2OH 

C 

NOSO3-

Figure 1- The structure of glucosinolates. 

Glucosinolates breakdown due to the action of enzymes and heat to give many 
flavor compounds. Myrosinases (thioglucoside glucohydrolases) are found 
compartmentalized within the plant, and are released when the cell walls break 
through bruising, sample grinding, or during normal growth as a result of damage 
and death of cells. Glucosinolates are easily degraded by the myrosinase enzyme at 
both acidic and basic pH to give such products as isothiocyanates, nitriles, 
thiocyanates, oxazolidine-2-thiones, hydroxynitriles, and epithionitriles, all of which 
impart flavor to mustards (7). 

Kale, kohlrabi, broccoli, cabbage, mustard, cauliflower, rapeseed, turnip, and 
rutabaga, of the Brassica group of cruciferous vegetables, are best known for their 
pungent flavor. In ancient times, these crops were thought to have medicinal power 
over headaches, gout, diarrhea, deafness, and stomach disorders (7). Glucosinolate 
breakdown products, specifically 3-indole carbinol, 3-indole acetonitrile, and 3,3'-
diindolylmethane, produced by myrosinase degradation of glucobrassicin, are 
considered Phase II anticarcinogens (2). These compounds have also been proven 
to increase enzymatic activity of glutathione-S-transferase (GSH), ethoxycoumarin 
O-deethylase (ECD), aryl hydrocarbon hydroxylase (AHH), and epoxide hydratase 
(EH), all of which in turn increase the polarity of lipophilic carcinogens so that they 
are more readily excreted in the urine. Other benefits from the glucosinolates in 
Brassica plants include decreased growth of microorganisms, fungi, and the ability 
to repel most insects (3). 

To date, most research into glucosinolate identification has been done by 
isolating glucosinolate breakdown products and then determining the original 
precursor (4). This method of back tracking was favored because it was 
inexpensive and fast. Analysis of glucosinolates has also relied heavily on GC/MS 
techniques on either glucosinolate degradation products such as the isothiocyanates 
or on the desulfated and trimethylsilyated (TMS) derivitized glucosinolates (5). 
Most often, in the case of MS, the isothiocyanates and other volatile components 
are identified rather than the glucosinolate itself (6). 

In this study, negative ion electrospray mass spectrometry is used because it 
detects molecular anions and allows for direct identification of glucosinolates, most 
of which are unavailable as pure standards. We apply a novel method of reversed 
phase HPLC utilizing volatile ion-pairing reagents followed by negative ion 
electrospray mass spectrometry to semi-quantify and identify the glucosinolates in 
mustard seeds. Formic acid and triethylamine (TEA) were used to produce the ion-
pairing agent, triethylammonium formate which interacted with the glucosinolates to 
increase retention and prevent their elution in the void volume. 
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11. Z R Y B K O & ROSEN Glucosinolates in Mustard 127 

Materials & Method 

Analytically pure sinigrin (98%) was purchased from Aldrich (St. Louis, MO), as 
were the ion-pairing reagents, formic acid and triethylamine. Gluconasturtiin 
(phenethylglucosinolate) was obtained from L K T Laboratories (St. Paul., Minn). 
Sinapic acid (98%) was supplied by Aldrich (St. Louis, MO). HPLC-grade 
methanol was purchased from Fisher Scientific (Pittsburgh, PA). HPLC-grade 
water was generated in the laboratory through the use of a Milli-Q U V Plus Ultra-
pure water system by Millipore (Milford, MA). 

The external standard, phenethylglucosinolate, was carefully weighed (10.27 mg) 
and dissolved in 10 ml HPLC-grade water to obtain a solution with a concentration 
of 1.027 mg/ml. Sinigrin monohydrate (10.27 mg) was also dissolved in HPLC-
grade water to obtain the same concentration as the phenethylglucosinolate. 
Sinapine bisulfate (98%) was purchased through Spectrum Chemical (Gardenia, 
CA) and was used as an external standard to quantify sinapine found in all three 
mustard types. All standards were filtered using a 0.45 micron Acrodisc purchased 
from Gelman Scientific (Philadelphia, PA). Standards were stored in amber 
autosampler vials under refrigeration until needed. 

Brown, oriental, and yellow mustard seeds were obtained from various suppliers, 
Continental Grain (Alberta, Canada), North Dakota Mustard and Spice, and 
McCormick & Company (Hunt Valley, MD). Samples were prepared by grinding 
-25 grams of mustard seed in a 250 ml polypropylene centrifuge tube, Thomas 
Scientific (Swedesboro, NJ), with 100 ml methanol. A Beckman Polytron was used 
for three minutes to insure a homogeneous grind. The samples were then 
centrifuged at 2700 rpm for 5 minutes. The supernatant was poured off into a 250 
ml round bottom flask and then evaporated using a Rotovap set at 55°C and an rpm 
of 55. Samples were evaporated to a volume of approximately 2 ml methanol. The 
samples were then dissolved in 100 ml HPLC-grade water. All samples were 
filtered using a 0.45 micron nylon Acrodisc as used during standard preparation. 

Analyses of mustard samples were performed by injecting a 20 ul aliquot of the 
sample into a Waters (Milford, MA) high-performance liquid chromatograph linked 
to a Waters 490 ultra-violet detector set at 235 nm. A Waters 600E System 
Controller and a 712 WISP Autoinjector were also used. The entire HPLC system 
was controlled using the Waters Millenium data acquisition software program 
version 2.1. The column used was a Phenomenex (Torrence, CA) 5 μπι ODS(20) 
column measuring 250 mm X 4.6 mm with a 55 mm X 4.6 mm Waters C-18 guard 
column attached. 

The two mobile phase solvents, methanol and water, were prepared with 0.15% 
triethylamine and 0.18% formic acid added as ion-pairing reagents. Both solutions 
were filtered using a 0.45 μπι filter, sonicated for 30 minutes, and degassed with 
helium throughout the chromatographic procedure at a sparge rate of 50 
ml/minute. The initial mobile phase was 100% HPLC-grade water. At ten minutes, 
the mobile phase was switched to a linear gradient of 100% water to 100% 
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128 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

methanol over 60 minutes. After each run the initial mobile phase conditions were 
set and the system allowed to equilibrate. The flow rate was kept constant at 1 
ml/minute. The column temperature was held at 40°C. 

Confirmation of peak identity was accomplished through the use of a Fisons 
(Danvers, MA) V G Platform Π mass spectrometer connected to a V G Mass Lynx 
data system. The system was operated in the negative ion electrospray mode. The 
ion source temperature was set at 150°C while the cone voltage was -20V. The 
HPLC conditions were identical to those obtained off-line except that a Varian 9012 
HPLC (Fernando, CA) was used along with a Varian 9050 UV-Vis detector. 

Quantification of the nonvolatile flavor precursors, sinigrin, progoitrin, sinalbin, 
and sinapine was determined using external standards. A solution containing 50% 
phenethylglucosinolate and 50% sinigrin monohydrate was analyzed to determine 
the response factors of both aromatic and alkenyl glucosinolates, respectively. The 
ratio of response factor was 1.19, indicating that the aromatic glucosinolate was 
more sensitive. The concentration of the aromatic compounds, sinalbin and 
sinapine, were calculated using this response factor since pure standards were 
commercially unavailable. 

Results and Discussion 

Glucosinolate Quantification. Yellow, brown, and oriental mustards were 
analyzed for their glucosinolate content. The major compounds identified by mass 
spectrometry can be seen in Table I. A chromatogram of yellow mustard can be 
seen in Figure 2, whereas Figure 3 shows a chromatogram of brown mustard. 
Many of the minor peaks seen on the HPLC chromatograms were not visible by the 
mass spectrometry method utilized. This indicates that these compounds are 
uncharged and therefore are not glucosinolates. Results for the quantification of 
compounds in yellow mustard {Brassica hirta) identified by mass spec, can be seen 
in Table II. 

Table I. Nonvolatiles Found in Yellow, Brown, and Oriental Mustards 
RT Peak m/z Identification 

# (observed) 

10.5 minutes 1 358 Allylglucosinolate (Sinigrin) 
11 2 388 2-hydroxy-3-

21 
butenylglucosinolate(Progoitrin) 

21 3 424 p-hydroxybenzylglucosinolate (Sinalbin) 
33 4 354 3,5-dimethoxy-4-hydroxycinnamoyl 

choline (Sinapine) 
35 5 586 Sinalbin + glucose 
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11. Z R Y B K O & ROSEN Glucosinolates in Mustard 129 

< 

α 

α ι 1 1 1 1— 1 1 

0 20 40 60 
Time [min) 

Figure 2- HPLC chromatogram of methanol extract from yellow mustard seeds 
(See Table I for identifications) 

A 

< 1 

ι 

q - I 
0 20 10 60 

Time (min) 

Figure 3- HPLC chromatogram of methanol extract of brown mustard seeds 
(See Table I for identifications) 

Table Π. Glucosinolate Content of Yellow Mustard Seeds 
ID# Harvest Area Progoitrin Sinalbin Sinapine 

Amount (mg/g) 

4-6 Calgary, Canada 0.5K0.14 27.46±1.20 27.68±1.41 
10-12 Manatoba, Canada 0.60±0.17 27.87+.1.09 32.09+ 0.69 
16-18 Alberta, Canada 0.56±0.10 24.81±1.92 30.60± 2.21 
19-21 Saskatchewan, Canada 0.45± 0.04 23.00±2.85 28.05+ 4.15 
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130 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Progoitrin, 2-hydroxy-3-butenylglucosinolate, (Figure 4) is the precursor to goitrin 
which has been shown to cause hypothyroidism in animals fed large amounts of 
cruciferous vegetables. The average level of progoitrin found in yellow mustard 
was 0.53 mg/g + 0.06. The identification of progoitrin was determined directly 
from the negative ion electrospray mass spectrum. The mass spectrum can be seen 
in Figure 5. The molecular anion can be seen at m/z 388. The molecular weight of 
progoitrin is actually 427 (addition of potassium cation). The mass spectrometer 
sees only the anion when in the negative ion mode. 

O H 

I 
/ C H 2 C H C H = C H 2 

N O S O 3 

Figure 4- Structure of progoitrin anion. 

Sinalbin, para-hydroxybenzylglucosinolate (Figure 6), is found at high levels in 
yellow mustard. The concentration of sinalbin was 25.79 mg/g ± 2.30, which is 
consistent with Fenwick's Critical Review of Glucosinolates and their Breakdown 
Products (1982) and The USDA Phytochemical data base available on the Internet 
(HTTP://Probe.Nalusda.Gov:8300). Sinalbin is not found in nature as a potassium 
salt, but rather has sinapine as the positive ion. The structure and information for 
sinapine is mentioned below because sinapine is also present as a peak on the 
chromatograms of brown, and oriental mustards. 

Sinalbin was identified by mass spectrometry. The molecular anion is seen at 
m/z 424 (Figure 7). 

C H 2 O H 

CH2OH ^ CH 2 (ζ^) 0 H 

^NOS03" 

Figure 6- Structure of sinalbin anion. 

The compound with a retention time of 35 minutes has been hypothesized as 
sinalbin plus glucose. The m/z of 586 shows 424 mass units from sinalbin and 162 
from glucose. Researchers have reported the presence of glucosinolates with a 
second sugar in mustard and other vegetables from the Brassica species (4). 
Further research, including fractionation and NMR, must be done on this compound 
in order to determine the exact structure. 
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11. ZRYBKO & ROSEN Glucosinolates in Mustard 133 

Brown and oriental mustard are from the same species, Brassica juncea, and 
therefore had very similar glucosinolate content. The individual results for each 
mustard sample can be seen in Table III. 

Table DDL Glucosinolate Content of Brown Mustard Seeds 
ID # Type Harvest Area Sinigrin Sinapine 

Amount (mg/g) 

1--3 
7-9 
22-24 
25-27 
13-15 
28-30 
31-33 

Oriental 
Oriental 
Oriental 
Oriental 
Brown 
Brown 
Brown 

Calgary, Canada 
Saskatawan, Canada 
Saskatchewan,Canada 
Alberta,Canada 
Saskatchewan,Canada 
Alberta, Canada 
Saskatchewan,Canada 

9.59±0.94 
9.10+ 0.19 
9.31+ 0.52 
8.16±0.36 
8.29± 0.26 
8.80± 1.97 
8.20± 0.95 

22.05± 1.50 
24.50±1.09 
25.00± 1.97 
20.24±1.77 
24.20± 0.92 
14.36±2.70 
12.98+ 1.78 

The major compound in brown and oriental mustards is sinigrin, commonly known 
as allylglucosinolate, (Figure 8) with a retention time of approximately 10.5 
minutes. Sinigrin degrades to allylisothiocyanate (AITC) by the myrosinase enzyme 
in the presence of water to give mustard its pungency. The concentration of sinigrin 
was found to be 9.04 mg/g + 0.62 in oriental mustard and slightly lower than that 
for brown. The CV of the sinigrin results for all twenty one samples in the Brassica 
juncea group was 10.69%. The identity of sinigrin was proven by negative ion 
electrospray mass spectrometry when the MS showed a peak with a mass to charge 
ratio of 358 as seen in Figure 9. The negative ion is seen by the mass spectrometry 
method used, whereas the positive ion, potassium, is not observed. The actual 
molecular weight of sinigrin is 397. 

CH2OH ^ C H 2 CH = C H 2 

I s — 

N O S C 5 

Figure 8- Structure of sinigrin anion. 

Sinapine, a choline ester of sinapic acid (Figure 10) was identified in yellow, brown, 
and oriental mustard. This compound, 3,5-dimethoxy-4-hydroxy cinnamoyl choline, 
is common in the Brassica group. Researchers have shown that although sinapine is 
the positive ion to sinalbin, the glucosinolate and phenolic choline ester contents are 
not correlated with one another (7). For this reason sinapine is seen in both brown 
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11. ZRYBKO & ROSEN Glucosinolates in Mustard 135 

and oriental mustards although sinalbin is not present. The negative ion 
electrospray mass spectrum of sinapine using a low cone voltage of 20 V, showed 
an ion at m/z 354. The peaks seen above the m/z 354 peak in Figure 11 are 46 mass 
units higher, which is the compound forming adducts with formic acid, the mobile 
phase modifier. Since very little fragmentation occurs at such a low cone voltage, 
a second mass spectrum was run at a higher cone voltage, 120 volts, to give 
fragmentation. This data and a N M R of the fractionated peak showed that the 
compound was an adduct of sinapine and formate, 310 mass units coming from the 
sinapine cation and 45 amu from the formate anion. The [M-H]" of this complex 
occurs at m/z 354. Interestingly, because of the ion-pairing, the sinapine did not 
give a spectrum in the positive ion mode. 

Conclusion 

To date, the major nonvolatiles in mustard seeds have been isolated, identified, 
and quantified by reversed phase HPLC using ion-pairing reagents and negative ion 
electrospray mass spectrometry. Accuracy and precision of the method was 
determined by both spiking studies and replicate analysis of individual samples, 
respectively. The accuracy was determined by spiking both brown and yellow 
mustard samples with sinigrin and calculating the percent recovery. Recovery was 
often greater than 100%. Precision was determined by running all samples in 
triplicate and calculating the standard deviation and coefficient of variation. C V of 
most samples was less than 10%. This data indicates that this method works well 
for identifying intact glucosinolates and therefore eliminates the need for desulfating 
and derivitizing glucosinolates as seen in previous studies (5). Use of mass 
spectrometry allows identification without glucosinolate standards, most of which 
cannot be purchased. 
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Figure 10- Structure of sinapine. 
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Chapter 12 

Reasons for the Variation in Composition 
of Some Commercial Essential Oils 

Chi-Kuen Shu and Brian M. Lawrence 

R. J. Reynolds Tobacco Company, 950 Reynolds Boulevard, 
Winston-Salem, NC 27102 

The reasons which cause the compositional changes for some 
commercial essential oils are due to (1) the effect of extrinsic 
conditions, (2) the effect of interspecific and infraspecific 
differences, (3) the effect of ontogeny, (4) the effect of 
processing parameters, and (5) the effect of adulteration. 
Using examples, each effect is discussed. 

Over the years it has long been known that commercially available essential oils 
vary from season to season and from geographic source to geographic source. 
However, this question of variation has not been carefully examined across a 
range of oils to determine why such variations take place. Usually it is explained 
that changes from one season to another result in compositional changes; 
however, this is a little too simple to explain some of the compositional changes 
that are encountered. 

As a result, we would like to discuss some basic reasons why compositional 
changes are encountered using examples of the magnitude of such changes. The 
effects that will be discussed are: 

1. The effect of extrinsic conditions (climate/geographical origin). 
2. The effect of interspecific and infraspecific differences (between and 

within species). 
3. The effect of ontogeny (growth stage of plant material harvested). 
4. The effect of processing parameters (dry vs. wet plant material on 

distillation changes). 
5. The effect of adulteration (the addition of synthetic or other natural 

components to "stretch" an oil. 

© 1997 American Chemical Society 
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12. SHU & LAWRENCE Variations in Composition of Some Essential Oils 139 

The Effect of Climate and Geographic Origin on Oil Composition. 

In 1989 Lawrence et al. (1) showed that peppermint oil, which is produced from 
clonally reproduced plants that are grown in different regions of the United 
States, could be readily differentiated based on their area of cultivation and oil 
production. The areas of commercial production of these oils are the Midwest, 
Idaho, Yakima-Kennewick Valley in Washington, and the Madras and 
Willamette valleys of Oregon. It was proved that geographical location and 
microenvironment were influential factors which affect, albeit slightly, the 
composition of the oils produced in each region. Examination of the quantitative 
data of the most constituents revealed that it was extremely difficult to 
differentiate the oils because of the similarity in the data. As a result, selected 
component ratios were used to prove differences between the oils. To simplify 
the component ratio data obtained from ca. 50 samples of oil obtained from each 
growing region, they were presented as polygonal representations. Such a 
presentation of data can be thought of as being pictorial pattern recognition of 
the oils produced in each region. 

The components ratios selected to differentiate between the oils can be 
seen in Table I. Many of these ratios have multipliers that were used to ensure 
that the polygons formed would fit the scale of the circular graph. What this 
means is that only oils produced in a specific region will have their component 
ratio data fit within the polygon. Oils whose component ratio data does not fit 
within the polygon cannot be a pure oil produced in that specific region. The 
pattern recognition of the five different types of peppermint oil can be seen in 
Figures 1-5. 

To further use this concept to differentiate between other oils produced 
in the United States from different regions we attempted to differentiate between 
Native spearmint oils (ex. Mentha spicata L.) grown in the Midwest and in the 
Farwest. Similarly, we also attempted to differentiate between Scotch spearmint 
oils (ex. Mentha gracilis sole)T which are also produced in the Midwest and the 
Farwest. We could not use tighter regional differences between the oils because 
the oils are not sold according to the state or valley in which they are produced, 
only by the broad regions of Midwest and Farwest. 

For both spearmint oils the component ratios used can be seen in Table 
Π. Again, multipliers were used to ensure that the component ratio data for both 
spearmint oils would fit on the same circular graph. The results of the 
component ratio data that were obtained for 20 samples of each oil type plus 10 
samples of a second cutting oil obtained from Farwest Native spearmint can be 
seen in Figures 6-10. The compounds chosen for component ratios were those 
whose raw analytical data varied so that a differentiation between Scotch and 
Native spearmint oils and 2 n d cutting Native spearmint oils could be made. For 
example, Scotch spearmint oil is slightly richer in limonene, 3-octanol, menthone 
and carvone as compared to Native spearmint oil, which in turn, is slightly richer 
in mycrene, 1-8-cineole, 3-octyl acetate, trans-sabinene hydrate, β-bourbonene 
and trans-carveol than Scotch spearmint oil. However, because it is difficult to 
look at raw analytical data and readily see slight differences, the use of 
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140 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Table I. Component Ratios Selected for Peppermint Oil Differentiation 
According to Origin 
1. 1,8-Cineole/Limonene 
2. 1,8-Cineole/Menthofuran χ 1/2 
3. 1,8-Cineole/Menthyl Acetate 
4. 1,8-Cineole/Menthol χ 50 
5. 1,8 Cineole/Menthone χ 25 
6. Menthofuran/Menthone χ 100/6 
7. Menthofuran/Menthol χ 50 
8. Menthofuran/Menthyl Acetate χ 5 
9. Menthofuran/Limonene 
10. Menthone/Menthyl Acetate χ 1/2 
11. Menthol/Menthone 
12. Menthol/Menthyl Acetate χ 1/2 

Figures 1-5 Pattern Recognitions of the Five Types of Peppermint Oil 
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Figure 2. 

Figure 3. 
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Figure 4. 

Figure 5. 
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SHU & LAWRENCE Variations in Composition of Some Essential Oils 

Table Π. Component Ratios Used to Differentiate between Midwest and 
Farwest Native Spearmint Oils and Scotch Spearmint Oils 
1. Limonene/Myrcene χ 1/2 
2. Limonene/l,8-Cineole χ 1/2 
3. Limonene/3 -Octanol χ 1 /5 
4. Limonene/p-Bourbonene χ 1/5 
5. Myrcene/3-Bourbonene χ 2 
6. 1,8-Cineole/Myrcene χ 5 
7. Carvone/Myrcene χ 1/10 
8. Carvone/p-Bourbonene χ 1 /10 
9. 3-Octanol/3-Octyl acetate χ 1/2 
10. 1,8-Cineole/trans-Sabinene hydrate χ 1/2 
11. cis-Carveol/trans-Carveol χ 1/10 
12. Carvone/trans-Carveol χ 1/150 

Figures 6-10 Pattern Recognitions of the Five Types of Spearmint Oil 
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144 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Figure 8. 
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Figure 9. 

Figure 10. 
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146 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

component ratios magnifies these differences so that they can both be readily 
discernible and can be easily displayed pictoridly.Examination of the 
limonene/myrcene ratios for each different spearmint oil, we have 1.81-3.39 
(Midwest Native), 0.88-2.68 (Farwest Native), 1.60-2.02 (2 n d cutting Farwest 
Native), and 6.99-9.27 (Midwest Scotch), 8.12-11.48 (Farwest Scotch). From 
these data it can be seen that it is easy to differentiate Native spearmint oil from 
Scotch spearmint oil. Using the eleven other component ratios merely makes 
this differentiation task easier. When this data is presented as a polygonal 
representation, this differentiation is readily evident from these pattern 
recognition figures (Figure 6-10) that: 

(a) Native and Scotch spearmint oils can be readily differentiated. 
(b) Farwest and Midwest Scotch and Native spearmint oil can be 

readily differentiated. 
(c) A second cutting of oil of Farwest Native spearmint can be 

readily differentiated from all of the other spearmint oils. 

The Effect of Interspecific and Infraspecific Differences on Oil 
Composition. 

In the previous above example, it was shown that two spearmint oils, which 
were produced from clonally reproduced distinctly different species of Mentha, 
produced oils whose compositions were similar but could be differentiated; 
however, the detailed oil compositional data were not presented. To address 
this point, the analysis of oils that are known commercially as cedarwood will be 
the next subject of discussion. 

Around the world a number of oils are produced that are described 
as being cedarwood oil. Each of these oils is produced from a different species 
as can be seen in Table ΙΠ. The oils produced from Atlas cedar, Himalayan 
cedar, Incense cedar, Lebanon cedar, East African cedar, Oregon cedar, Mulanje 
cedar, Alaskan cedar, Eastern white cedar and Western red cedar are known to 
possess different chemical compositions. The major components of these oils 
can be seen in Table IV. In contrast, the Texas, Virginia, Chinese, and Atlantic 
cedarwood oils, although produced from different species, all possess 
compositions that are quite similar (Table V) Using the hypothesis that it is 
easier to look at component ratios rather than raw data, the components that 
show most variation between the four cedarwood oils were a-cedrene, 
thujopsene, β-himachalene and cedrol. As a result, the component ratios were 
examined rather than the raw data (Table VI). A comparison between these data 
reveals that Virginia cedarwood oil can be clearly differentiated by the 
thujopsene/a-cedrene and β-himachalene/cuparene ratios. It is more difficult to 
differentiate Texas and Chinese cedarwood; however, from the 
thujopsene/cedrol ratios it is possible. Finally Atlantic cedarwood oil possesses 
a unique β-himachalene/cuparene ratio, thereby differentiating it from the other 
oils. 

To further discuss this question of interspecific differences in 
composition, lemongrass oil will be used as a second example. There are two 
forms of lemongrass oil produced commercially, one produced in Asia from 
Cymbopogon flexuosus (Nees ex Steud.) Wats, and the other produced in the 
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12. SHU & LAWRENCE Variations in Composition of Some Essential Otts 147 

Table ΙΠ. Various "Cedars" that have been used to produce cedarwood oil 
1. Virginia Cedar Juniperus virginiana L. 
2. Texas or Mexican Cedar Juniperus ashei Buchholz 
3. Western Red Cedar Thuja plicata Donn ex. D. Don 
4. Northern or Eastern White Cedar Thuja occidentalis L. 
5. Kenyan or East African Cedar Juniperus procera Hochst ex. Endl. 
6. Chinese Cedar Chamaecyparis funebris (Endl.) Franco 

Csvn. Cupressus funebris Endl.) 
7. Alaskan Cedar Chamaecvparis nootkatensis (D. Don) 

Spach 
8. Oregon Cedar Chamaecvparis lawsoniana ( Andr. 
9. Murray) 
10. Mulanje Cedar Widdrinetonia cupressoides (L.) Endl. 
11. Atlas Cedar Cedrus atlantica G. Manett 
12. Lebanon Cedar Cedrus libani A. Rich. 
13. Himalayan Cedar Cedrus deodara (Roxb.) Loud. 
14. Atlantic Cedar Chamaecvparis thvoides (L.) B.S.P. 
15. Incense Cedar Libocedrus decurrens Torrev 

Table IV. M a i or Components in Various Cedarwood Oils 
3. methyl thujate 10. a-himachalene 

T-muurolol β-himachalene 
tropolones γ-himachalene 

4. occidentatol 11. oc-torosol 
occidol β-torosol 

(E)-atlanton-6-ol 

5. cedrol 12. (Z)-a-atlantone 
(E)-a-atlantone 

7. γ-cadinene 14. p-methoxythymol 
1 (lO)-cadinen^-ol carvacrol 

tropolones 
8. δ-cadinene 

a-pinene 
borneol 

9. thujopsene 
cedrol 
β-himachalene 
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148 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Table V. Main Components of Four Cedarwood Oils 
Compound V Τ C A 
a-cedrene 38.0 22.6 33.8 20.5 
β-cedrene 9.2 5.5 8.1 5.0 
thujopsene 23.4 46.8 36.0 31.7 
a-himachalene - 0.8 0.7 _ 

β-chamigrene 1.4 - - 1.5 
β-selinene - - 0.8 
β-himachalene 2.1 1.1 0.7 0.2 
a-chamigrene - 1.5 1.6 -
ar-curcumene - trace 0.3 -
cuparene 0.9 1.9 2.2 3.5 
cedrol 12.3 12.2 8.5 10.4 
widdrol 1.9 1.1 1.1 1.4 
a-bisabolol trace trace trace 0.3 
Cedarwood Oils: V = Virginia C = Chinese 

Τ = Texas A = Atlantic 

Table VI . Component Ratios Used to Differentiate Between Thujopsene-rich 
Cedarwood Oils 

Compound Ratios V Τ C A 
thujopsene/a-cedrene 2 -3 8-9 4 - 5 6.5 -7.5 
thujopsene/cedrol 1.7-2.1 3.6-4.0 4.0-4.4 2.9 -3.1 
β-himachalene/cuparene 2.2 - 2.4 0.5-0.7 0.2 - 0.4 0.01 -0.1 
Cedarwood Oils: V = Virginia C = Chinese 
Τ = Texas A = Atlantic 

Table VIL Chemical Composition of E. Indian Lemongrass Oil 
Compound Indian I Indian Π Bhutanese 
a-thujene trace - 2.8 
a-pinene - 0.4 5.4 
camphene 0.5 1.0 10.1 
myrcene trace - 10.3 
limonene 2.7 3.8 8.3 
4-nonanone 0.5 0.3 trace 
6-methyl-5-hepten-2-one 2.6 2.5 3.2 
citronellal 0.8 0.9 0.8 
linalool 1.4 1.1 2.1 
β-caryophyllene 1.3 0.9 0.4 
neral 32.6 34.1 18.5 
geranial 40.8 44.3 22.7 
geranyl acetate 3.9 2.2 3.4 
citronellol 0.5 0.6 0.6 
geraniol 4.9 3.8 2.2 
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SHU & LAWRENCE Variations in Composition of Some Essential Oils 149 

New World from Cymbopogon citratus (DC) Stapf. Authentic oils obtained 
from each species were subjected to analysis and by GC/MS. A summary of the 
differences between their compositions can be seen in Table VII and VIII. 
Although the differences between these oils appear to be major because of the 
high limonene content of the West Indian oils, it is easier and more prudent to 
use component ratios to differentiate between the oil as shown in Table IX. It 
is believed that examination of the hydrocarbons and oxygenated compounds 
separately is a good way to examine the authenticity of an oil. 

The existence of morphologically identical plants which possess oils 
that have differing chemical compositions is not a new concept. In fact, the 
existence of infraspecific differences is widespread in the Labiatae and 
Compositae families, but it is not limited to them. A few years ago Lawrence (2) 
showed that Qcimum basilicum L. can contain oils that possess a variety of 
compositions. It was also found that oils contained constituents that were 
biosynthesized either via the shikimic acid pathway, or the mevalonic acid 
pathway, or both (Figure 11). A summary of the data obtained during the 
analysis of more than 200 separate O. basilicum plants revealed that they 
possessed oils that, not only contained components from single pathways or dual 
pathways, but also within these groupings a wide quantitative variation of 
constituents was also observed. A summary of these data can be seen in Tables 
X and XI. 

The Effect of Growth Stage of the Harvested Plant on the Composition of 
Its Oil. 

Although the effect of growth stage of the plant on oil composition should be 
well known, oils produced commercially are not always produced year after year 
from plants that were harvested at their same growth stage. Two examples will 
be used to illustrate this point. 

First, oils produced from Coriandrum sativum L. differ chemically quite 
drastically (3) as can be seen from the data presented in Table ΧΠ. The oils that 
are known as cilantro oil are generally those produced from plants at stages 1 
and 2; however, the oil yield is higher the later the plant is harvested. 
Nevertheless, using the ratio between decanal & (E)-2-decenal and linalool and 
(E)-dodecenal, a reproducible cilantro oil can be obtained (Table ΧΙΠ). 

A second example of a change in chemical composition as the plant 
matures can be found with the oil of Tagetes minuta L . (4). Examination of the 
main acyclic hydrocarbon and the acyclic ketones (Table XIV and Figure 12) will 
allow the user to select an oil that is most liked. From these data, component 
ratios can be used as a quality check for oil reproducibility. The reason why oils 
can fall outside the desired component ratio can be understood based on the data 
presented in Table XTV. 

The Effect of Processing Parameters on Oil Composition 

In 1985, Schmaus and Kubeczka (5) examined the influence of oil isolation 
conditions on the composition of linalyl acetate-rich oils. They found that the 
increased water content in plants distilled when fresh, resulted in a corresponding 
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150 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Table VIII. Chemical Composition of W. Indian Lemongrass Oil 
Compound Guatemala I Guatemala Π 
limonene 12.3 15.9 
4-nonene 1.8 2.4 
6-methyl-5-hepten-2-one 3.0 4.4 
citronellal 0.9 0.6 
linalool 1.8 2.1 
β-caryophyllene 2.2 1.3 
neral 30.5 28.6 
geranial 37.3 37.1 
geranyl acetate 1.7 1.1 
citronellol 0.4 0.2 
geraniol 4.6 2.6 

Table IX. Component Ratios Used to Differentiate between £ . Indian and 
W. Indian Lemongrass Oil 

Component/Ratio £ . Indian W. Indian 
methyl heptenone/4-nonanone 5.0-9.5 1.0-2.0 
geraniol/geranyl acetate 1.2-1.8 2.2-3.0 
citronellal/citronellol 1.1-1.7 2.0-3.2 
neral/limonene 8.5 -12.5 1.5-3.0 

Table X. Major Components of Various Ocimum basilicum Selections 
(Single Biosynthetic Pathways) 

Compound Ha) lib) 2fa) 2ib) 3ia) 4ia) 
1,8-cineole 3.2 4.6 1.4 2.7 2.4 3.4 
(Z)-3-ocimene 0.1 0.3 0.2 0.1 trace trace 
(E)-P-ocimene 0.6 5.4 1.0 2.2 0.4 trace 
camphor 0.2 1.8 0.3 4.3 0.9 1.8 
linalool 0.5 4.8 83.9 51.6 0.6 6.2 
methyl chavicol 85.3 49.0 0.4 0.7 1.5 5.0 
geraniol trace trace 0.3 22.8 trace trace 
methyl eugenol 1.9 19.2 trace trace 67.7 0.3 
(E)-methyl cinnamate trace trace trace trace 0.3 64.0 
eueenol trace 0.2 0.5 trace 2.0 trace 
Legend:Chemotypes of Ocimum basilicum with a Single Biosynthetic Pathway: 

Type 1. (a) methyl chavicol-rich 
(b) methyl chavicol>methyl eugenol 

Type 2. (a) linalool-rich 
(b) linalool>geraniol 

Type 3. (a) methyl eugenol-rich 
Type 4. (a) methyl cinnamate-rich 
Type 5. (a) eugenol-rich (not found) 
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12. SHU & LAWRENCE Variations in Composition of Some Essential OUs 151 

Table X L Major Components of Various Ocimum basilicum Selections 
(Dual Biosynthetic Pathways) 

Compound lie) 1(c)' 2ic) 2(c)' 2(d) 2(e) 3(b) 
1,8-cineole 5.7 3.8 4.8 1.9 3.8 2.8 7.7 
(z)-3-ocimene 0.1 1.2 0.4 0.6 1.4 0.2 0.1 
(E)-P-ocimene 2.0 2.4 1.3 1.0 2.5 1.0 3.1 
camphor 1.5 1.3 0.5 0.2 4.9 1.5 0.8 
linalool 22.9 23.0 44.9 51.0 30.2 34.2 21.2 
methyl chavicol 52.1 39.3 32.4 21.0 2.1 1.2 0.7 
geraniol trace 0.2 0.3 0.2 0.4 0.2 trace 
methyl eugenol 0.1 0.3 0.1 0.1 10.2 0.1 38.4 
(E)-methyl cinnamatetrace 15.5 0.1 trace trace 27.8 trace 
eugenol trace trace 3.7 13.9 14.8 4.9 5.1 
Legend: Chemotypes of Ocimum basilicum with a Dual Biosynthetic Pathway: 

Type 1. (c) methyl chavicoMinalool 
(c)'methyl chavicol>linalool>methyl cinnamate 

Type 2. (c) linalool>methyl chavicol 
(c) 'linalool>methyl chavicol>eugenol 
(d) linalool>eugenol>methyl eugenol 
(e) linalool>methyl cinnamate 

Type 3. (b) methyl eugenol>linalool 

Table ΧΠ. Comparative chemical composition of Coriandrum sativum L at 
Various Stages of Maturity 

Stages of Plant Maturity2 

Compound 1 2 3 4 5 6 
Octanal 1.20 1.20 0.85 0.66 0.44 0.35 
Nonanal 0.51 0.20 0.11 0.05 0.05 0.08 
Decanal 30.0 18.09 11.91 6.30 6.24 1.61 
Camphor 0.08 trace 0.52 1.26 2.18 2.44 
(E)-2-Decenal 20.6 46.5 46.5 40.6 30.2 3.9 
Dodecanal 3.30 1.67 0.96 0.64 0.52 0.41 
(E)-2-Undecenal 2.56 21.7 1.39 — — — 
Tridecanal 3.07 1.87 2.02 0.92 1.08 0.46 
(E)-2-Dodecanal 7.63 8.14 5.95 4.59 4.78 2.49 
Tetradecanal 0.68 0.30 0.12 0.15 0.11 0.15 
(E)-2-Tridecenal 0.49 0.21 0.14 0.09 0.09 0.13 
(E)-2-Tetradecenal 4.45 2.57 1.73 1.53 1.59 1.73 
Linalool 0.34 4.27 17.47 30.05 40.88 60.37 
Geraniol 0.19 0.11 0.35 0.71 0.93 1.42 
Geranyl acetate 4.17 0.78 0.76 0.69 0.69 0.66 
2 Stages of maturity 1 = floral initiation; 2 = nearly full flowering; 3 = full flowering, 

primary umbel young green fruit; 4 = past full flowering 50% flower, 50% fruit; 
5 = full green fruit; 6 = brown fruit on lower umbels, green fruit on upper umbels; 
— = not detected 
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152 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Table ΧΙΠ. Component Ratios of Cilantro Oil Constituents as a measurement 
of oil quality 

Component Ratio Stages of Maturity 
1 2 3 4 5 6 

decanal/(E)-2-decanal 1.5 0.4 0.3 0.2 0.2 0.4 
linalool/(EV2-dodecenal 0.0 0.52 2.94 6.55 8.55 24.3 

Table X I V . Change in percentage composition of Tagetes minuta oil during 
life cycle of plant 

Development 
Stage fZVB -ocimene 

Dihydro-
tagetone 

(Ζ)- (E)-
Tagetone 

(Ζ)- (E)-
Tagetenone 

vegetative 16.9 46.4 22.4 3.2 1.5 2.0 
buds visible 17.8 51.3 18.5 1.4 4.4 3.0 
buds opening 21.9 36.0 24.1 1.3 6.9 1.5 
flowers opening 33.3 30.0 17.5 2.0 8.6 1.9 
full flower 35.3 30.5 16.9 2.2 6.9 1.8 
immature fruit 41.3 24.1 8.2 0.3 18.2 2.0 
mature fruit 45.9 14.8 7.5 0.4 20.4 3.6 

Table X V . Comparative Chemical Composition of French and Russian 
Clary Sage Oils 

Compound French Oils Russian Oi l 
A fdried) Β flresh) 

oc-pinene 0.20 - 0.21 0.08 0.02 
β-pinene 0.34 - 0.38 0.98 0.22 
limonene + 1,8-cineole 0.19-0.20 0.29 0.41 
(Z)-p-ocimene 0.16 0.40 0.09 
(E)-3-ocimene 0.21 - 0.23 0.72 0.06 
linalool 8.88-8.98 28.48 14.43 
a-terpineol 0.20 - 0.27 2.64 2.17 
nerol 0.05 - 0.06 0.56 0.42 
geraniol 0.11 1.54 0.98 
linalyl acetate 72.47-74.18 50.86 63.18 
neryl acetate 0.13-0.17 0.75 1.03 
geranyl acetate 0.30 - 0.40 1.42 2.07 
β-caryophyllene 1.85-1.89 1.65 2.02 
germacrene D 3.29-4.09 3.54 0.36 
caryophyllene oxide 0.35 - 0.40 0.16 0.16 
sclareol 1.21 - 1.97 0.97 1.80 
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SHU & LAWRENCE Variations in Composition of Some Essential Oils 153 

increase in distillation time and a decrease in pH causing partial hydrolysis of 
linalyl acetate followed by partial acid catalyzed degradation of linalool resulting 
in an increase of (E)- and (Z)-P-ocimene, limonene, terpinolene, a-terpineol, 
geraniol, neryl acetate, and geranyl acetate. In 1985, Doré and Jaubert (6) 
presented an example of these effects as it applies to clary sage oil (Table X V ) . 
Similar results were presented by Lawrence (7) (Table XVI) where the U.S. oil 
was produced from fresh plant material, while the other two oils were produced 
from dried material. The effects described by Schmaus and Kubeczka (5) are 
very evident in these results. A processing parameter that needs to be mentioned 
is storage. If an oil is stored under poor conditions such as in a half-filled drum 
in which some dissolved water has deposited causing some minute rusting in the 
drum, oxidation of the oil can and does occur. A self-explanatory example of the 
oxidation of coriander oil can be seen in Table XVII. 

The Effect of Adulteration on the Composition of an Oi l 

Two examples of oil adulteration will be discussed namely, lemongrass oil and 
peppermint oil. Examination of the data presented in Table XVIII shows the 
analysis of three commercial samples of lemongrass oil. Sample Nos. 2 and 3 are 
grossly adulterated because they were found to contain ca. 20% of either 
diacetone alcohol or triacetin as an adulterant. In contrast, Sample No. 1 has to 
be examined from the standpoint of component ratios. A comparison between 
the component ratios of E. Indian, W. Indian lemongrass oil and Sample No. 1 
(Table XIX) reveals that the oil is not a true example of either lemongrass oil; 
therefore, it must be adulterated. 

Over the past few years the production of Indian peppermint oil has 
increased, both in the Punjab area as well as in the Bareilly region of Uttar 
Pradesh. As this oil is substantially lower in price than North American 
peppermint oil, an economic temptation exists to mix Indian peppermint oil with 
one of the U.S. peppermint oils and sell it as U.S. oil. As a result, it was decided 
to determine if this practice at the 10% adulteration level could be readily 
detected. 

Initially, 18 oils from both regions were analyzed by GC/MS to ensure 
that there were no unusual constituents that would interfere with further studies. 
The component ratios shown in Table I were calculated, and these were plotted 
on a circular graph to show the typical pattern of an Indian peppermint oil 
(Figure 13). From the individual Indian peppermint oil samples, a composite 
was made, and it was added at a 10% inclusion rate into a composite oil of the 
Midwest, Idaho, Kennewick, Madras, and Willamette peppermint oils that were 
analyzed earlier. These adulterated oils were then analyzed by GC and the 
important peak identities were confirmed by GC/MS. The component ratios of 
each adulterated oil were calculated and were plotted against the original pattern 
recognition polygonal representations of the oils from each region oil (Figures 
14-18). 

As can be seen, the data plot for the U.S. oil containing 10% of the 
Indian composite oil fell outside of the polygons, thereby confirming that each 
oil was adulterated. 
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154 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

SHIKIMIC ACID 
PATHWAY 

VIA 
PHENYLALANINE 

Γ Τ · M E T H Y L C H A V I C O L 

M E T H Y L E U G E N O L 
I 

E U G E N O L 

MEVALONIC ACID 
PATHWAY 

VIA 
GERANYL PYROPHOSPHATE 

Ψ 

U N A L O O L 

G E R A N I O L 

L _ M E T H Y L C I N N A M A T E 

Figure 11 Dual Biosynthetic Pathway Found in Ocimum basilicum 

(Ζ)- (E)-

tagetenones or β-ocimenones 

dihydrotagetone 

Figure 12 Tagetes Oil Ketones 
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12. SHU & LAWRENCE Variations in Composition of Some Essential Oils 155 

Table X V I . Comparative Chemical Composition of Commençai Clary Sage Oil 
Compound U.S. Oil French Oil Russian Oil 
a-pinene 0.17-0.22 0.1-0.3 0.2 - 0.3 
myrcene 1.25-1.71 0.1 -0.2 0.3-0.5 
limonene 0.40 - 0.77 0.1 -0.2 0.1 -0.2 
(Z)-P-ocimene 0.42 - 0.70 trace trace - 0.2 
(E)-P-ocimene 0.43 - 1.36 0.1 -0.2 0.1-0.4 
linalool 20.29 - 28.63 9.0-16.0 10.4-19.3 
linalyl acetate 44.9- 53.4 49.0-73.6 45.3-61.8 
β-caryophyllene 0.86-1.31 1.4-1.6 1.1 - 1.8 
a-terpineol 1.05-3.05 0.2-0.6 1.2-2.5 
germacrene D 2.63-3.55 1.6-2.0 0.7-2.0 
neryl acetate 1.00-1.67 0.2-0.3 0.4-0.6 
geranyl acetate 1.93-3.24 0.3-0.5 0.8-1.2 
nerol 0.62-1.15 trace - 0.1 0.3-0.5 
geraniol 1.67-3.26 0.1 -0.3 0.6-1.2 
caryophyllene oxide 0.21 - 0.27 0.3-0.5 0.5 
sclareol 0.17-0.44 0.1-0.2 0.1-0.2 

Table X V I L The Effect of Storage (Oxidation) on Coriander Oil 
Compound Good Oil Oxidized Oil 
p-cymene 1.7-3.8 
cis-linalool oxide (furan) 0.2-0.5 
trans-linalool oxide (furan) 0.2-0.4 
camphor 2.1 - 4.4 
linalool 70.3 -77.1 
4-methyl-5-hexen-4-olide 
cis-linalool oxide (pyran) 
trans-linalool oxide (pyran) 
p-cymen-8-ol -

1.9 
14.1 
12.3 
6.3 

38.1 
3.1 
1.5 
1.4 
0.6 

Table X V H L Chemical Composition of Adulterated Lemongrass Oil 
Compound 1 2 3 
myrcene 1.8 trace trace 
limonene — 1.4 1.6 
4-nonanone — 0.6 0.4 
6-methyl-4-heptenone 3.4 1.9 1.6 
diacetone alcohol 21.3 -triacetin — — 25.8 
citronellal 0.6 0.5 0.5 
linalool 2.9 1.3 1.5 
β-caryophyllene 0.5 1.0 0.9 
neral 36.2 26.3 24.1 
geranial 45.5 32.7 31.0 
geranyl acetate 0.7 4.1 3.8 
citronellol 0.3 0.3 0.3 
geraniol 2.6 6.0 5.6 
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156 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Table XBLComponent Ratios Used to Differentiate Between E . Indian 
and W. Indian Lemongrass υ ι ι ana 

Comoonent Ratio E . Indian 
an A O uuraκ 

W. Indian 
;u wu laaiuuie nu. a i 

Sample No. 1 
methyl heptenone/4-nonanone 5.0 - 9.5 1.0-2.0 -geraniol/geranyl acetate 1.2-1.8 2.2-3.0 3.7 
citronellal/citronellol 1.1-1.7 2.0-3.2 2.0 
neral/limonene 8.5 -12.5 1.5-3.0 — 
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12. SHU & LAWRENCE Variations in Composition of Some Essential Oils 157 

Midwest 

Figures 14-18 Pattern Recognitions of the Five Adulterated Peppermint 
Oils 

Figure 15. 
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158 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

4 

Figure 17. 
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I d a h o 

Figure 18. 
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Chapter 13 

Component Analyses of Mixed Spices 

C. K. Cheng1, C. C. Chen1, W. Y. Shu2, L. L. Shih1, 
and Η. H. Feng1 

1Food Industry Research and Development Institute, P.O. Box 246, 
Hsinchu 300, Taiwan, Republic of China 

2Institute of Statistics, National Tsing-Hua University, 
Hsinchu 300, Taiwan, Republic of China 

A qualitative and quantitative technique for recognizing spices as 
well as the mixing ratios in an unknown spice blend is established 
via numerical analysis based on a database consisting of 355 
different spices. Formulating the spice recognition problem as a 
constrained optimization problem is a key step. A similarity index 
measuring the degree of similarity between two spices is proposed, 
which is very useful in the process of spice recognition. For 
purposes of testing, an existing mixture (basil, 47.9%; clove, 
12.8%; mint, 9.4%; sage, 23.8%; wintergreen, 6.1%) and a trial 
spice blend with known composition were analyzed by the 
technique. The results are surprisingly accurate. 

Humans have been consigning spices and spice blends for several thousand years. 

Even to this day, spices and spice blends are highly valued commodities from all 

over the world (7 - 2). 

From the flavor point of view, the major attributes of most spices are 
contributed by essential oils. These can be extracted by steam distillation (or 
similar process) of ground spices. With the advent of gas chromatography (GC) 
and the combined technique of GC/ mass spectrometry (MS), analyses and 
identifications of volatile components of essential oils extracted from different 
spices have been very thoroughly and well documented (3-5). However, most 
of the published reports were based on the analysis of an individual spice. When 
it comes to food processing, usually it is a spice blend instead of the individual 
spice which has been added to the formulation. 

© 1997 American Chemical Society 
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13. CHENG ET AL. Component Analyses of Mixed Spices 161 

Detection of an individual spice in a spice blend can be achieved through 
sensory analysis, instrumental analysis, or the combination of both. When 
analyzed by a sensory method, which requires trained panelists, only qualitative 
results can be obtained (6). For semi-quantitative analysis, there have been two 
types of approaches to investigate the content of an individual spice in a spice 
blend. One is based on calculation of major components in a mixture as 
compared to published results. A good example has been demonstrated by 
Lawrence and Shu (4). The more advanced approach is based on a computer 
pattern recognition method. Chien (7) has shown a very genius mathematical 
method to analyze the presence of an individual essential oil in a mixture. In that 
report, four out of six essential oils with contents ranging from 5% (geranium, 
cedar wood, patchouli) to 15% (bergamot) were correctly identified. The other 
two oils, galbanum and Bourgeon de Cassis, were not picked up by the computer 
because of their low level (0.25%). 

This paper presents a qualitative and quantitative analysis of an individual 
spice in a spice blend. The ratios of each spice were calculated by using a 
computerized numerical analysis with a data matrix composed of 355 spices and 
accumulated total of922 volatile compounds. The principal part of this method 
is the solving of a constrained optimization problem. 

Theory 

The problem of recognizing the individual spice as well as the mixing ratios in 

a spice blend is first formulated as a constrained optimization problem. We then 

solve the problem by numerical methods. The procedure is described below. 

Vector representation of spices. Each spice can be characterized by its 
components and composing ratios. Mathematically, each spice can be treated as 
a vector A=(x„x^...,*:„), where x,- represents the ratio of the 7-th compound in 
that specific spice. In the present study, 355 different kinds of spices were 
collected and 922 volatile compounds (w=922) were counted among these 355 
spices. Therefore, η is equal to 922 and Xj+x2+...+x922=l. The 355 spices were 
represented by 355 vectorsXpX^X^ Using Anise #1 collected in the present 
study as an example, this is shown in Table I. 

In Table I, each code number represents a single volatile compound 

identified in the essential oil, e.g., code no. 236 represents estragole, code no. 
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162 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Table I . The volatile compounds of anise #1. 

Code No. of Ratio (%) 

compounds 

156 2.513 
187 1.487 
236 4.975 
250 0.121 
292 0.312 
293 0.221 
295 0.010 
454 2.382 
531 0.784 
532 0.030 
540 86.683 
666 0.221 
ML QJ&L 

Sum 100 

540 represents trans-anethole. A spice blend X of individual spices contained in 

our collection can be viewed as a complex combination of vectors Χ^Χ^.,.,Χ^: 

where β i is the mixing ratio of the i-th spice in the spice blend . For a given 

unknown spice blend Y, identifying the spices contained in Y amounts to finding a 

convex combination Χ=β jXj+ β 2Χ2+..+β 355X355 as "close" to Y as possible. 

Methods for measuring the closeness between spice blends X and Y will be 

discussed next. 

Similarity index For any two spice blends X=(x],X2>~-x922)> m^ Υ==()Ί>}'2>"^922)> 

the similarity index, denoted Index(X,Y), is defined as: 

X = βΐΧΐ + βΧΐ+... +β$5Χ355 (1) 

922 

(2) 

Basically, Index(XJ) has the following properties: 
For any two spice blends X and Y, 

\0^Index(X,Y)^l 
2.1îX=Y, Index(X,Y)=l 

3.1f components in X can not be found in F and vice versa, then 
Index(X,Y)=0 (5) 

(3) 

(4) 
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13. CHENG ET AL. Component Analyses of Mixed Spices 163 

Equations 3-5 indicate that if spice blend X is compared with itself, then 
Index(X,X)=l, if components in spice blend X can not be found in Y and vice versa, 
then Index(X,Y)=0, otherwise, the index shall be ranged between 1 and 0. Therefore , 
Index(X, Y) can be used to measure the similarity between X and Y. 

Similarity index has its mathematical meaning. Any spice vector can be 
considered as a probability distribution on the set {/,2,....,922}. The well-known 
squared Hellinger distance between two probability distributions X and Y is defined 
as: 

i=l i=l 

It is very clear that the larger the Index(X,Y) is, the smaller the Hellinger distance 
between X and Y will be. Therefore Index(XtY) directly reflects their similarity. For 
example, Anise#2 (9) and Anise #4(70) have many volatile compounds in common 
(Table Π). The similarity index between these two spices is 0.964 indicating high 
degree of similarity. On the contrary, when volatile compounds of Anise #2 are 
compared with those of coriander #1 (77) , as shown in Table ΙΠ , an index value of 0 
is obtained, indicating no similarity between these two spices. 

Table Π. Comparison of the volatile compositions of anise #2 and star anise 
#4. The similarity index = 0.964 

Code No. Ratio Code No. Ratio Code No. 
Anise #2 Star anise #4 Anise #2 Star anise #4 

20 0.00000 0.00081 436 0.00000 0.00081 
40 0.00000 0.00092 437 0.00010 0.00581 
60 0.00000 0.00102 440 0.00000 0.00112 
156 0.00567 0.04563 450 0.00000 0.00051 
236 0.00304 0.00346 454 0.00000 0.00112 
257 0.00000 0.00509 467 0.00010 0.00051 
292 0.00608 0.02954 480 0.00365 0.00428 
293 0.00263 0.00428 499 0.00020 0.00346 
303 0.00000 0.00092 518 0.00010 0.00000 
331 0.00000 0.00061 531 0.00000 0.01039 
335 0.00000 0.00122 532 0.00010 0.00183 
375 0.00010 0.00051 540 0.97376 0.87044 
386 0.00020 0.00387 552 0.00000 0.00143 
388 0.00010 0.00000 666 0.00405 0.00000 
425 0.00000 0.00041 745 0.00010 0.00000 
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164 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Table ΠΙ Comparison of the volatile compositions of anise #2 and coriander 

#1. The similarity index = 0. 

Code No. Ratio Code No. Ratio 

Anise #2 Coriander #1 Anise #2 Coriander #1 

6 0.00000 0.46519 211 0.00000 0.00505 

7 0.00000 0.09284 231 0.00000 0.01615 

8 0.00000 0.10394 236 0.00304 0.00000 

11 0.00000 0.00303 267 0.00000 0.00303 

13 0.00000 0.05853 292 0.00608 0.00000 

14 0.00000 0.00706 293 0.00263 0.00000 

15 0.00000 0.05651 348 0.00000 0.00202 

32 0.00000 0.00303 349 0.00000 0.00202 

50 0.00000 0.04339 353 0.00000 0.00505 

58 0.00000 0.00202 357 0.00000 0.00101 

61 0.00000 0.00303 375 0.00010 0.00000 

62 0.00000 0.00101 386 0.00020 0.00000 

64 0.00000 0.00202 388 0.00010 0.00000 

65 0.00000 0.00202 390 0.00000 0.00706 

66 0.00000 0.00101 399 0.00000 0.00101 
67 0.00000 0.01413 402 0.00000 0.00505 

71 0.00000 0.00404 437 0.00010 0.00000 

83 0.00000 0.00706 467 0.00010 0.00000 

87 0.00000 0.00605 480 0.00365 0.00000 
91 0.00000 0.00908 499 0.00020 0.00000 

125 0.00000 0.00101 518 0.00010 0.00000 
143 0.00000 0.01312 532 0.00010 0.00000 

144 0.00000 0.00807 540 0.97376 0.00000 

145 0.00000 0.00101 666 0.00405 0.00000 

156 0.00567 0.00000 745 0.00010 0.00000 
210 0.00000 0.04440 
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13. CHENG ET AL. Component Analyses of Mixed Spices 165 

Numerical Analysis. Given an unknown spice blend Y, we consider the spice 
recognition problem as that of finding the best ratio in which one can mix the 355 
spices XjJÎ2> -^355 so as to achieve the maximal similarity to the target spice 

blend Y. This problem is exactly equivalent to the following constrained optimization 
problem: 

{maximize S(fi) 
Subject to β, +β2+_+β255 = 1, βι > 0, (?) 
where β_=(β j, β χ—, β 355) represents a set of mixing ratios and the objective 

function S is defined as: 

S ( £ ) = lndex(0 fr+β ^+. . .+0 3 5 5 X 3 5 5 , Y) (8) 

To determine the best ratio β^ so as to achieve the maximal value of S(>8), we 
employ optimization theory and numerical methods (see Luenberger (8)) and 
computer programs are designed accordingly. The nonzero components of β_* 
indicate the presence of the corresponding spices. 

Experimental Section 

Preparation of mixed spices for testing. A testing mixture of spice blend was 
prepared by mixing powdered spices purchased from local trading company. The 
formulation is shown in Table IV . 

Table IV. The formulation of mixed spices for testing. 

Black pepper 27.00 
Allspice 27.02 
Celery seed 13.52 
Clove 1.62 
Garlic 27.01 
Star anise 61.03 

Sum 157.20 

Isolation of volatile components from spices. One hundred grams of ground spice 
blend shown in Table IV were added to a three-neck bottle containing 300ml of 
distilled water. This slurry was steam distilled and extracted with dichloromethane 
(Fisher Scientific) for 2 hours in an apparatus similar to that described by Likens-
Nickerson(72). The organic layer was separated, dried over anhydrous sodium sulfate 
(E. Merck), evaporated to minimal volume in a Vigreux column, and then 
concentrated to about 0.5 ml under a gentle stream of nitrogen. 
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166 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

G C . GC analyses were carried out on a Varian 3400 chromatograph equipped 
with a 30 m χ 0.25 mm i.d. fused silica capillary column (DB-WAX, J&W 
Scientific, USA). The linear flow rate of the carrier gas (Hj) was 43 cm/s. The 
oven temperature was programmed from 40°C to 200°C at a rate of 2°C/min 
with initial holding at 40 °C for 2 min. The injector and detector (FID) 
temperatures were set at 200°C and 210°C, respectively. 
GC/MS. GC/MS was carried out on a Finnigan Mat ITD. GC conditions were 
the same as those mentioned above. Identification of volatile compounds was 
based on comparison of retention index and mass spectra with those of authentic 
compounds. 

Set up of the data matrix. The raw data were collected from published 
literature such as those cited by TNO-CIVO (3), ESO (5), or those listed in the 
present study. Take essential oil of black pepper (IS) as an example, the original 
data format is shown in Table V, the volatile compounds were then arranged into 
coded number as those of Anise #1 shown in Table I. So far, a 355 (spices) by 
922 (volatile compounds) data matrix has been established. Of the 355 spices, 
there exists repeated collection of data from the same spice from different 
geological areas or different publications. For examples, 4 cloves, 5 star anises, 
9 anises, 6 corianders, 8 allspices, 2 black peppers and 27 basils, are included in 
the present data matrix. 

Results and Discussion 

Test run of known spice blends from published literature. The spice blends 
which contain basil, cinnamon leaf, peppermint, sage and wintergreen as 
reported by Lawrence and Shu (4) were used to test the effectiveness of the 
present theory. The ratios of individual spice are shown in Table VI, the coded 
numbers of identified volatile compounds in the spice blends are shown in Table 
VU. Computer output of numerical analyses of compounds shown in Table VII 
are listed in Table VH1, the similarity index of the testing result is 0.959, 
indicating a high level of confidence. In Table VHI, there are repeated 
identifications of the same type of spice, e.g., the appearance of basils #3, #19, 
#24, #26 and #27; cloves #1 and # 4; and mentha #1 and # 12. In fact, the 
repeated appearance of the same spice indicates the closeness of these spices. 
It was also confirmed that the similarity index within the same spice listed in 
Table Vm usually ranged from 1.0 to 0.90 (data not shown). In order to 
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CHENG ET AL Component Analyses of Mixed Spices 

Table V. Volatile compounds of essential oil of black pepper 

Compounds 

Sabinene 22.50 
alpha-Pinene 17.50 
Limonene 17.00 
delta-3-Carene 13.50 
beta-Caryophyllene 5.00 
alpha-Humulene 100 
Carvone 0.10 
Eugenol 0.10 
Linalool 0.10 
Myristicin 0.10 
Nerolidol (unknown isomer) 0.10 
Piperonal 0.10 
cis-Sabinene hydrate 0.10 
trans-Sabinene hydrate 0.10 
Safrole 0.10 
Terpinen-4-ol 0.10 
alpha-Terpineol 010 

Total 17 components 77.60 

(Source: Adapted from ref. IS ) 

Table VI. Reported composition of testing mixture of essential oils 

Essential oils % 
Exotic basil 42.1 
Cinnamon leaf 15.8 
Peppermint 15.8 
Sage 21.1 
Wintergreen 5.2 

(Source: Adapted from ref. 4) 
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168 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Table VII. Volatile compounds identified from Table VI. 

Code No. Compound % 

437 alpha-Pinene 1.3 

182 Camphene 1.5 
467 beta-Pinene 0.7 
335 Myrcene 0.5 
292 Limonene 1.1 
60 1.8-Cineole 4.8 

444 alpha-Thujone 5.6 
470 beta-Thujone 1.6 
185 Camphor 4.7 
297 Menthone 3.0 
762 Menthofuran 0.4 
293 Linalool 0.9 
296 Menthol 4.8 
236 Methyl chavicol 34.7 
177 Borneol 1.7 
325 Methyl salicylate 4.5 
197 Cinnamaldehyde 0.1 
250 Eugenol 9.4 
251 Eugenyl acetate 0.4 

(Source: Adapted from ref. 4) 
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Table V m . Ratios of essential oils as analyzed by numerical analyses, 
the similarity index =0.959. 

Spice # % Assignment 

Basil #3 9.7393 

Basil #19 2.6187 

Basil #24 2.8070 

Basil #27 12.8562 

Basil #26 18.7463 Basil #26 

Bay leaf #1 2.7733 

Cinnamon #4 0.4658 

Clove #1 0.5672 

Clove #4 10.6274 Clove #4 

Cornmint #8 7.4766 Cornmint #8 

Mentha #1 0.5556 
Mentha #12 2.6013 

Rosemary #3 2.7350 
Sage #2 19.4858 Sage #2 

Wintergreen #1 5.9446 Wintergreen #1 

simplify the result, the ratios of those spices and herbs which appeared repeatedly 
were summed up and assigned to the spice with the highest ratio, as shown in the 
third column of Table VIII. Table IX shows the summed up ratios of spices 
from Table VIII, as compared with those proposed by Lawrence and Shu (4). 
In Table IX, clove #4 and cornmint #8 were not reported in the previous study 
(4), instead, cinnamon leaf and peppermint, respectively, were assigned. When 
the similarity index between these two seemingly different pairs of spices (clove 
#4 vs. cinnamon leaf; cornmint #8 vs. peppermint) were compared, an index 
value of 0.95 was observed in the former, indicating a high degree of closeness 
(similar in composition of essential oil), the latter pair showed a less satisfactory 
index value of 0.83, still this was a good match with acceptable confidence. It 
should be considered that the results in Table IX were from data in reference 4 
that was used in the data matrix of the present study. The ratios of spices 
analyzed by the numerical method were very accurate when compared to the 
original data. This is a good demonstration that the approach used in the present 
study can be used to examine the ratios of any spice blend, as long as the 
individual spice is included in the data matrix (355 spices). 
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170 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Table IX. Comparison of the numerical method with previous publications. 

Spices assigned % a(cal.) Spices^ % 

Basil #26 47.9144 Exotic basil 42.1 

Clove #4 c 12.7725 Cinnamon leaf 15.8 

Cornmint #8 d 9.3919 Peppermint 15.8 

Sage #2 23.8251 Sage 21.1 

Wintergreen #1 6.0962 Wintergreen 5.2 

a:summed up values from Table VIII.; b: data from ref 4.; c.Index (Clove 
#4, Cinnamon Leaf #4 )=0.95; d.Index (Cornmint #8 , Pepper #8 )=0.83 

ι 1 ι ι ι ι ι ι 1 1 1 1 
Ο Ι Ο 2 0 3 0 A O 5 0 S O 7 0 S O S O 1 O O I I O 

TIME(minute) 

Fig 1. Gas chromatogram of the volatile components of the mixed spices from Table X . 
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13. CHENG ET AL. Component Analyses ofMixed Spices 171 

Analysis of testing spice blend prepared in the laboratory. The formulation 
of a real spice blend used in the present study is shown in Table IV. Volatile 
compounds from this spice blend were isolated by simultaneous steam distillation 
and solvent extraction. Identification of volatile compounds was accomplished by 
comparing the retention index and mass spectra with those of authentic samples 
and published publications (14 - 15). Figure 1 shows the gas chromatogram of 
isolated volatile compounds from the testing spice blend. Percent ratios of these 
volatile compounds identified are shçwn in Table X . Compounds in Table X were 
then coded by number in the same manner as those of Table VII. The original 
results of numerical analyses are shown in Table XI, similar in format to those of 
Table Vin. Recognition of spices in this spice blend showed a very high similarity 
index (0.981), indicating high level of confidence. Those spices that appeared 
repeatedly with a high similarity index were assigned to the spice with highest ratio, 
i.e. the ratios of anise and star anise were combined, as mentioned earlier, that is 
because both anise and star anise listed are similar in composition. The same holds 
true for the combinations of black pepper and allspice. The only spice which is 
determined by numerical analysis but not added into the testing mixture is 
marjoram (ca. 0.43%). 

The comparisons of ratios of spices as determined by numerical method and 
those calculated from the content of essential oil are shown in Table ΧΠ. Sensory 
analysis of a 0.4% solution of the actual spice blend as compared with that of a 
predicted spice blend have shown little difference. The accuracy of this test is 
surprisingly good for star anise, black pepper and garlic. The ratios of allspice and 
clove are quite good, although some deviations from the actual data exists. Celery 
has been correctly identified but the ratio determined in the present test (only 0.03 
%) is quite low, probably caused by technical difficulty of our MS database in 
assigning the correct volatile compounds of celery. As to the appearance of 
marjoram, although the ratio assigned to this spice is small (0.43%), the similarity 
index between marjoram and other identified spices has not shown any high degree 
of similarity. Probably this deviation is caused by the low value assigned to celery 
(0.03% vs. 1.78%). 

Conclusion 

The present study has shown that the ratios of individual spices in a spice blend can 
be accurately solved by a numerical method when compared with previous reports 
(4, 7). Spices in a spice blend with an essential oil content as low as 0.37% can be 
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SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Table X . Identified volatile compounds from the spice blends from Table IV 

Peak N n a % C n m p n i i n H s 

1 0.29 alpha-pinene 
2 0.67 beta-pinene 
3 0.19 sabinene 
4 1.50 delta-3-carene 
5 0.16 alpha-phellandrene 
6 0.21 myrcene 
7 0.05 alpha-terpinene 
8 2.28 limonene 
9 0.10 1,8-cineole 
10 0.12 gamma-terpinene 
11 0.18 para-cymene 
12 0.04 allyl methyl disulfide 
13 0.07 terpinolene 
14 0.01 methyl trans-1-propenyl disulfide 
15 0.01 dimethyl trisulfide 
16 0.03 pentylbenzene 
17 0.02 4-isopropenyl-1 -methylbenzene 
18 0.02 linalool oxide 
19 0.25 alpha-copaene 
20 0.34 linalool 
21 0.02 trans-alpha-farnesene 
22 3.37 beta-caryophyllene 
23 0.49 terpinen-4-ol 
24 0.45 delta-cadinene 
25 0.08 estragole 
26 0.25 alpha-terpineol 
27 0.09 carvone 
28 0.45 cis-anethole 
29 0.90 diallyl trisulfide 
30 70.16 trans-anethole 
31 0.06 para-cymen-8-ol 
32 0.14 3 -methyl-1 -phenyl-1 -butanone 
33 0.39 beta-caryophyllene oxide 
34 3.02 anisaldehyde 
35 2.17 methyleugenol 
36 11.46 eueenol 

Total 1ΩΩ ΩΩ 

a: Number refers to Fig 1. 
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13. CHENG ET AL. Component Analyses of Mixed Spices 173 

Table XI. Computer output of ratios of essential oils as 
analyzed by numerical analyses. The similarity index = 0.981 

Soice # Calculated % Assignment 
Anise #1 3.9245 
Anise #2 17.8341 
Anise #4 9.5149 
Anise #5 7.0813 
Anise #6 9.6366 
Anise #7 0.7293 

Star anise #2 9.9241 
Star anise #4 19.3589 Star anise #4 

Celery #5 0.0305 Celery #5 

Clove #4 4.5803 Clove #4 

Garlic #1 0.4170 garlic #1 

Marjoram #2 0.4275 marjoram #2 

Black pepper #1 0.2784 
Black pepper #2 5.7291 Black pepper #2 

Allspice #4 0.3164 
Allspice #5 1.9528 
Allsnice #8 3.7578 Allsnine Μ 

Table XII. Ratios of individual spice in the spice blends after adjustment 
according to closeness of similarity index 

spices wt (g) a essential oil % oil in the % oil in the 
content (%)D mixture (cal) c mixture (exp)d 

black pepper 27.00 1.76 6.43 6.29 
allspice 27.02 2.58 9.44 6.31 
celery 13.52 0.97 1.78 0.03 
clove 1.62 7.67 1.68 4.80 
star anise 61.03 9.72 80.31 81.70 
garlic 27.01 0.10 0.37 0.44 
marjoram 0.43 

a:Data from Table IV.;b: Data obtained from this study.;c:Normalized per cent 
distribution; d:Ratios combined from Table XI. 
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174 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

accurately determined without significant deviation from the actual value. It is the 

utmost hope of the authors that application of this technique can definitively 

shorten the time and effort used to determine the ratio of individual spice in a spice 

blends. 
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Chapter 14 

Antioxidative Activity of Spices 
and Spice Extracts 

Helle Lindberg Madsen, Grete Bertelsen, and Leif H. Skibsted 

Department of Dairy and Food Science, The Royal Veterinary 
and Agricultural University, Rolighedsvej 30, 

DK-1958 Frederiksberg C, Denmark 

The antioxidative activity of spices and spice extracts can usually be traced 
back to their content of phenolic compounds. Plant phenols may scavenge 
free radicals involved in lipid peroxidation as has been documented in 
several model systems, although other mechanisms should be considered 
especially in relation to the early stages of oxidative deterioration. Phenolic 
compounds isolated from spices have been found to react with hydroxyl 
radicals with nearly diffusion controlled reaction rates. An assay based on 
a combination of determination of phenol equivalents and determination of 
radical scavenging capacity by the ESR spin trapping technique confirms 
the nearly diffusion controlled reaction rates and may prove useful for 
exploration of new plant materials and for adjustment of extraction 
procedures, including selection of solvent. This and other assays based on 
oxygen depletion measurements are recommended prior to final testing in 
real foods. Co-extracted chlorophylls in spice extract present a problem as 
photosensitizers in food exposed to light during storage and use. 

Addition of spices to food is an established procedure in most cultures. The seasoning 
contributes a pleasant flavour, and at the same time a number of compounds possessing 
antioxidative activity are added. Scientific investigation of the antioxidative activity of 
spices has been initiated during the last few decades and an understanding of the 
mechanism of the antioxidative activities is emerging. Early work by Chipauk and 
coworkers (7-3) in the fifties documented significant reduction in oxidation in lard and 
edible oils. The most pronounced effects were found for rosemary and sage, observa­
tions which have been verified in most later investigations (4-6). However, a great 
variety of other spices investigated show similar antioxidative activity and notably their 
relative efficiencies are strongly dependent on the actual food. 

© 1997 American Chemical Society 
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14. MADSENETAL. Antioxidative Activity of Spices and Spice Extracts 177 

Oxidation and Antioxidants 

IXiring oxidation free radicals are generated continuously in the propagation phase. In 
this phase a lipid radical (R-) reacts very quickly with (triplet) oxygen in a reaction 
controlled by diffiision. The formed peroxyl radical (ROO-) can abstract a hydrogen 
from an unsaturated lipid molecule (R'H). This reaction leads to generation of a new 
lipid radical (R'-) and continued activity in the chain reaction. The hydroperoxides 
(ROOH), the products formed in the chain reaction, are without smell and taste. 
Hydroperoxides are easily decomposed to yield alkoxyl radicals (RO-). These radicals 
can further abstract a hydrogen from a lipid molecule in effect starting a new chain 
reaction œntributing further to the propagation phase (7) (Figure 1). Reaction products 
from the degradation of the initial formed hydroperoxides, the secondary oxidation 
products, are carbonyl and carboxyl compounds which give rise to the unpleasant taste 
and smell of oxidized food (£). 

An efficient way to delay oxidation is scavenging by antioxidants of the free radicals 
generated in the propagation phase or during the break down of the hydroperoxides, i.e. 
scavenging of either the peroxyl radicals or the alkoxyl radicals. The critical level needed 
of such primary antioxidants to be effective in a given product corresponds to the 
concentration necessary to inhibit all chain reactions started by the initiation process. As 
long as the concentration of the antioxidants is above this critical concentration, the total 
number of radicals is kept at a constant low level, a time period which is defined as the 
induction period. IXiring the induction period the antioxidant is gradually depleted and 
when the critical concentration is reached, radicals will escape from reaction with the 
antioxidant, and the concentration of hydroperoxides will increase. The high level of 
hydroperoxides will further increase the concentration of radicals, and the rerriaining 
antioxidant will be used up completely (9). With all the antioxidants consumed, the 
oxidative processes will accelerate, and the increase in the production of secondary 
oxidation products will lead to a progressing deterioration of the product. 

Phenolic compounds act as primary antioxidants by donating a hydrogen atom to 
either the alkoxyl radicals (equation 1) or the peroxyl radicals (equation 2) in irreversible 
reactions. The reactions lead to generation of an antioxidant free radical (Α·) with a 
lower energy compared to the energy of RO' and ROO% i.e. the reaction is enthalpy 
driven. 

The relatively high stability of A* reduces its ability to abstract a hydrogen from a lipid 
molecule in effect breaking the chain reaction. The efficiency of phenolic compounds as 
scavengers of free radicals is due to the high stability of the generated phenoxy radical, 
which is caused by délocalisation of the unpaired electron in the aromatic ring. 

However, phenols are not active as antioxidants unless substitution at either the 
ortho or para position has increased the electron density at the hydroxy group and 
lowered the oxygen-hydrogen bond energy, in effect increasing the reactivity towards 
the lipid free radicals. Substitution in phenolic compounds at the meta position has a 
rather limited effect, and compounds like resorcinol with a hydroxyl group in the meta 

A H + RO- -
A H + ROO- -

A + R O H 
A + ROOH 

(1) 
(2) 
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Initiation 

R O O H 

Propagation 

Termination 
Non radical products 

Figure 1. lipid oxidation with an initiation phase, propagation phase and tennina-
tion phase. 
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14. MADSEN ET AL. Antioxidative Activity of Spices and Spice Extracts 179 

position are thus poor scavengers of free radicals compared to similar compounds with 
substitution at the ortho or para position. The presence of additional hydroxy groups, 
either at the ortho or para position, further increases the antioxidative activity of the 
compound as intra-molecular hydrogen bonds stabilize the phenoxyl radicals (9). 

Antioxidative Compounds in Spices 

Phenolic compounds constitute the largest proportion of know natural antioxidants. It 
should, however, be noted that only a minor part of the compounds in spices which have 
antioxidative activity has been isolated and identified. Nakatani and coworkers (10, 11) 
have reported the structure and characterized the antioxidative properties of several 
phenolic diterpenes isolated from rosemary (Rosmarinus officinalis L.). From the same 
plant, compounds like carnosic acid, carnosol (12-14), rosmaridiphenol and rosmari-
quinone (75,16) have been identified (Figure 2) as antioxidants. Moreover a number of 
the compounds found in rosemary have been found in the botanicalry closely related sage 
(Salvia officinalis L.) (12,13) and summer savory (Satureja hortensis L.) (77,18). 

In other spices, flavonoids alone or together with other phenolic compounds have 
been found to contribute to the antioxidative activity. In oregano (Origanum vulgare L.) 
various antioxidative compounds have been isolated, and among the active components 
four flavonoids were identified (19). From thyme (Thymus vulgaris L.), which like 
oregano also is a member of the Labiatae family, antioxidative compounds have been 
isolated and identified as aimers of thymol and flavonoids (20). The antioxidative activity 
of pepper (Piper nigrum L.) can, at least partially, be ascribed to the presence of 
glycosides of the flavonoids kaempferol, rhamnetin and quercetin and at least five 
different phenolic amides (21,22). 

A variety of different volatile compounds such as the terpenoids thymol, carvacroL, 
eugenol, carvone and thujone, which are character-impact compounds for important 
spices (23,24), have antioxidative activity but the use of these compounds as antioxi­
dants for different foods are limited by the characteristic flavour of the particular 
compound. 

Evaluation of the Radical Scavenging Activity 

Screening of antioxidative activity in various model systems is important prior to testing 
or application of antioxidants in foods. Such model systems are more rapid compared 
to food storage experiments, and the model systems might even be more informative in 
relation to antioxidant mechanisms. 

Electron spin resonance (ESR) spectroscopy is currently being introduced to 
different areas of application in food science. The technique may provide valuable 
information concerning the elementary processes in lipid oxidation and the nature of 
reaction intermediates. A number of antioxidants including extracts or compounds 
isolated from spices have been investigated by different ESR technique. The antioxida­
tive activity of the fraction containing the essential oils from oregano (Origanum vulgare 
L.), summer savory (Satureja hortensis L.) and thyme (Thymus vulgaris L.) has been 
documented in a system where oxidative stress and free radical reactions were induced 
either by U V irradiation or the superoxide radical Free radicals can be detected directly 
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Figure 3. The hydroxyl radical scavenging activity of nine different spices all 
belonging to the family Labiatae. The activity was measured by using electron spin 
resonance technique, and the indexes were calculated on the basis of top height 
from data of reference (28). A low value of the index indicates an efficient 
scavenger. Columns with different letters are significantly different at 5% level 

 O
ct

ob
er

 2
4,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
an

ua
ry

 2
9,

 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

97
-0

66
0.

ch
01

4



14. MADSEN ET AL. Antioxidative Activity ofSpices and Spice Extracts 183 

by ESR spectroscopy, and have in the spice extract of oregano, thyme and summer 
savory been identified as free radicals derived from thymol and carvacrol. Notably, 
thymol and carvacrol radicals were also present in untreated essential oils indicating the 
high stability of the radicals and the potential of the compounds as scavengers of 
oxygen-centred free radicals (25). Experiments using spin trapping technique are based 
on competition between the compound expected to have antioxidative properties and 
a "spin trap" in reaction with free radicals. The in vitro antioxidant properties of rebarni-
pide, a novel antiulcer agent, have thus been documented by the spin trapping technique 
(26), and the scavenging activity of carnosine and related dipeptides have been further 
investigated (27). In an investigation with focus on the early stages of oxidation in foods, 
the ability of spice extracts to inhibit the initiation of free radical process was evaluated 
by adapting the ESR spin trapping technique (28). The extracts of the spices obtained 
by ethanol/water extraction were freeze dried and redissolved in water. The water 
soluble compounds, partly phenols, were found to reduce the signal intensity in the ESR 
spectrum of the spin trap/free radical adduct when hydroxyl radicals were generated by 
the Fenton reaction, indicating a high scavenging potential of the spice extracts against 
hydroxyl radicals. Extracts of each of nine different spices investigated, all belonging to 
the Labiatae family, were capable of scavenging hydroxyl radicals (Figure 3). Most 
efficient was winter savory, rosemary, sage and the two oregano species. Kinetic studies 
gave an estimate of the rate constant between hydroxyl radicals and phenols in the 
extract of Turkish oregano. The value of the second order rate constant was slightly 
above that for a diffusion controlled bimolecular reaction in water, and the high value 
indicated that compounds other than phenols were involved in the competition with the 
spin trap in the reaction for the hydroxyl radicals. Rate constants for reactions between 
compounds isolated from spices and different radicals have, however, only been 
determined for a few substances and further studies should be encouraged. An estimate 
of the rate constant of 4.8-1010 M - 1 s 1 between hydroxyl radicals and eugenol is, 
however, an example (29). This corresponds to a very fast reaction with a rate constant 
similar to the rate constant found for the reaction between hydroxyl radicals and phenols 
in extracts of Turkish oregano (28). These results together document that hydroxyl 
radicals are very reactive, and model systems based on other radicals should be 
developed for a differentiation between different groups of free radical scavengers. The 
second-order rate constant determined for the superoxide scavenging activity of eugenol 
(a volatile present in clove, cinnamon and basil (29)) has been used for comparison of 
phenolic antioxidants and the enzyme superoxide dismutase. Superoxide dismutase was 
most effective in deactivating superoxide, intermediates rate constants were found for 
both eugenol and guaiacol, while the activity of phenol was rather poor (30). 

At later stages in the oxidation process the scavenging activity of antioxidants 
towards peroxyl radicals is of relevance. Aruoma et al. (31) investigated the rate of 
reaction of a number of antioxidants with the trichloromethyl peroxyl radical. Carnosic 
acid had a rate constant of 2.7· 107 M " 1 s'1, about 10 times higher than the rate constant 
of carnosol. The reactivity of carnosic acid with the peroxyl radicals was comparable to 
propyl gallate, and it could be concluded that carnosic acid is effective as a scavenger 
of trichloromethyl peroxyl radicals, although the reactivity of carnosic acid was not as 
high as the reactivity of ascorbic acid and the water soluble tocopherol analogue, trolox 
C. Determination of the rate constants for the reaction between hydroxyl radicals and 
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184 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

either carnosic acid or carnosol again showed rate constants which indicated that the 
reactions were essentially diffusion controlled (31). 

Antioxidative activity in model systems 

While determination of rate constants for scavenging of free radicals by antioxidants is 
highly relevant for establishment of stmcture/activity relationships, it is essential for 
practical food application to construct heterogeneous model systems with phase transfer. 
Frankel etal. (32) evaluated rosmarinic acid, carnosic acid and carnosol in such model 
systems by measuring both primary and secondary oxidation products and showed that 
the antioxidative activity depends strongly upon the substrate. The compounds 
cxmtaining a carboxy group (rosmarinic acid and carnosic acid) were the most effective 
antioxidants in bulk corn oil whereas the antioxidative activity of carnosol was only 
limited in this o i l However, in an o/w emulsion a high antioxidative activity was seen 
for carnosol and carnosic acid while only slight antioxidative or even prooxidative 
activity was found for rosmarinic acid. The observation that the more polar antioxidants 
are more active in pure lipids, and the non polar antioxidants most active in a polar 
substrate, and for which the term "polar paradox" has been introduced, confirms 
previous findings for tocopherols and ascorbic acid derivatives as antioxidants (33). In 
the bulk oil the hydrophilic antioxidants are oriented in the oil/air interface providing 
optimal protection of the lipids against oxygen radicals while the hydrophobic 
antioxidants dissolves in the homogeneous lipid phase. The opposite situation with 
hydrophobic antioxidant concentration in the oil/water interface is encountered in the 
emulsion system, where the hydrophobic antioxidants, like carnosol, are most efficient. 
These observations may at least partially explain the variation of antioxidative activity 
seen for different spices in different foods (3), and the need for investigations in such 
heterogenous model systems and in the actual food products prior to practical use is 
obvious. 

Antioxidative activity in food 

The results obtained by Frankel et al. (32) using food models might explain the 
qualitative difference observed between antioxidative activity of summer savory and 
rosemary in a meat storage experiment and in a storage experiment with dressing. In 
precooked pork meat balls no significant difference between the antioxidative activity 
of rosemary and summer savory was seen, and both spices were able to retard the 
development of oxidative off-flavour, measured by determination of thiobarbituric acid 
reactive substances (Madsen et al. The Royal Veterinary and Agricultural University, 
Frederiksberg, DK, unpublished data). These results were, however, different from those 
found for a dressing with a high fat content (50%). In the dressing the addition of 
rosemary was found to be significantly more effective in protection against oxidation 
compared to summer savory (Madsen et al. The Royal Veterinary and Agricultural 
University, Frederiksberg, DK, unpublished data). Although the nature and quantity of 
the active compounds present in the two spices were not determined, it may be 
speculated that differences in the hydrophilic or hydrophobic properties of the 
antioxidants may be important. It is well-known, that rosmarinic acid is an important 
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antioxidative component in summer savory (18). The low efficiency of this substance in 
bulk oil might provide a rationale for the reduced antioxidative activity observed for 
summer savory in the dressing. Other factors such as differences in pH in the two foods 
may also contribute to the different activities. Frankel et al (32) have also studied the 
antioxidative activity of carnosol, carnosic acid and rosmarinic acid in emulsions with 
different p H At pH 4 and pH 5, where the carboxyl group is protonated to a significant 
extent, the antioxidative activity of carnosol and carnosic acid were much higher than 
the activity at pH 7 where the carboxylate form dominates. This p H dependency might 
be explained by the change in polarity and oxidation potential or by a higher stability of 
the compounds at lower pH. An increased knowledge of the effects of pH will be 
beneficial for a more rational use of plant antioxidants. 

Further perspectives and developments 

A three-step procedure as the one outlined encompassing (i) determination of radical 
scavenging activity of spice extract, (ii) testing in model systems, and (hi) final 
application in foods may prove useful for future work on natural antioxidants. Different 
solvents should also be explored for extraction of spices. Different polarity of the 
solvents might be used for "tuning" of extracts to different products of different 
hydrophobic/hydrophilic balance. A higher antioxidative activity was found of a hexane 
extract of rosemary and sage compared to other solvents by using successive extraction 
of solvents of increasing polarity (34). However, most investigations report a high 
antioxidative activity in extracts obtained from polar solvents (1,35,36). The use of large 
amounts of organic solvents is in general unwanted for environmental resonance, so 
alternative extraction methods should be considered. The use of supercritical C 0 2 

extraction, which has already shown positive results (37), might be getting more 
attention since the technique is efficient and also protects the phenolic compounds 
against degradation during extraction. 

The interaction between different antioxidants such as tocopherols, ascorbic acid 
and spice components and possible synergisms should also be explored. Fang & Wada 
(38,39) already investigated the synergism between α-tocopherol and extract of 
rosemary in ethanoL The results support the hypothesis that rosemary antioxidants 
regenerate oxidized α-tocopherol. Similarly Ternes & Schwarz (40) found an increased 
stability of tocopherols when rosemary extract was added to meat samples. To obtain 
more information about the antioxidative compounds a determination of the reduction 
potential of key components (6,41) would be of interest for ranking of antioxidants in 
order to determine which of the spice antioxidants can regenerate the tocopherols. The 
problems encountered with photosensitizing chlorophylls co-extraction from the spices 
making the food product sensitive to light (Madsen et al. Royal Veterinary and 
Agricultural University, Frederiksberg, DK, unpublished data) also needs further 
investigation. 
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Chapter 15 

Antioxidative Effect and Kinetics Study 
of Capsanthin on the Chlorophyll-Sensitized 
Photooxidation of Soybean Oil and Selected 

Flavor Compounds 

Chung-Wen Chen, Tung Ching Lee, and Chi-Tang Ho 

Department of Food Science, Cook College, Rutgers, The State 
University of New Jersey, New Brunswick, NJ 08903-0231 

The antioxidative effect of capsanthin and lutein on the chlorophyll­
-sensitized photooxidation of 2-ethylfuran, 2,4,5-trimethyloxazole, and 2,5­
-dimethyl-4-hydroxy-3(2H)-furanone (DMHF) was studied using a 
spectrophotometric method. Both capsanthin and lutein exhibited the 
antiphotooxidative effect on these flavor compounds. The 
antiphotooxidative activity of capsanthin was higher than that of lutein. The 
antioxidative effect of capsanthin, β-carotene, and lutein on the 
photooxidation of soybean oil containing chlorophyll was studied by the 
Rancimat method, in which the induction time and the anti-photooxidation 
index (API) were measured. The induction times of soybean oil which 
contained the carotenoids were longer than that of the control sample which 
contained no carotenoid. As the number of conjugated double bonds 
increased, the API of soybean oil increased. The capsanthin, which contains 
11 conjugated double bonds, a conjugated keto group and a cyclopentane 
ring, had higher API than β-carotene, which contains 11 conjugated double 
bonds but neither a conjugated keto group nor a cyclopentane ring. The 
steady-state kinetics study of capsanthin on the chlorophyll-sensitized 
photooxidation of soybean oil was conducted by oxygen depletion method. 
The result showed that capsanthin quenched singlet oxygen only and its 
quenching rate constant was 5.746 x 109 M-1s-1 in methylene chloride. 

Some food constituents are sensitive to photooxidation. Oil and fats are the most 
sensitive food constituents for photooxidation because they contain a large number 
of double bonds in their structures and probably due to the greater solubility of 
molecular oxygen in the lipid phase as compared to the aqueous phase (7,2). Flavor 
compounds especially five membered heterocyclic flavor compounds such as 
alkylfuran, alkylpyrrole and alkyloxazole compounds easily undergo photooxidation 
reaction (3). 

© 1997 American Chemical Society 
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15. CHEN ET AL. Effect of Capsanthin on Photooxidation of Soybean Oil 189 

The whole photosensitized oxidation reaction can be described as follows (4): 

Sen 'Sen* B C , 3 S e n * >302 / θ 7

 A , A 0 2 

A sensitizer, such as chlorophyll, can absorb light energy and becomes an 
excited singlet sensitizer ('Sen*), which is then rapidly converted to the excited 
triplet sensitizer (3Sen*) by an intersystem crossing (ISC) mechanism, a process of 
electron rearrangement. The 3Sen* transfers its energy to triplet oxygen ( 3 0 2 ) to 
generate the singlet oxygen (*02) by a triplet-triplet annihilation reaction, a process 
which occurs via a collision of two excited 3 0 2 . Singlet oxygen is a very reactive form 
of oxygen and easily attacks the substrates (A) which have double bonds to generate 
oxidized products (A0 2 ) . 

The process of photosensitized oxidation can be minimized by quenchers, 
which can quench singlet oxygen and/or excited sensitizers. The antiphotooxidative 
effect of nickel chelates on the singlet oxygen oxidation of soybean oil have been 
reported by Lee and Min (5). Ascorbic acid and tocopherols are not only free radical 
scavengers but also good singlet oxygen quenchers (6,7). terf-Butyl hydroquinone 
(TBHQ) as well as other phenolic compounds can also act as singlet oxygen 
quenchers (8-12). Rosemary oleoresin and rosemariquinone, a rosemary extract, can 
inhibit light-induced oxidation (13,14). Among these quenchers, carotenoids 
appeared to be the most plausible candidates for quenching the singlet oxygen. The 
quenching mechanisms and kinetics of several carotenoids, including P-apo-8-
carotenal, β-carotene, canthaxanthin, lutein, zeaxanthin, lycopene, isozeaxanthin, and 
astaxanthin have been well studied (15-17). 

Capsanthin (Figure 1) is the most abundant carotenoid in the paprika spice. 
The concentration of capsanthin is about 1590 mg per kg of dry matter and 41 ~ 
54% of total carotenoids in paprika (18,19). The antiphotooxidative effect and 
kintics study of capsanthin on soybean oil has not been well studied. In addition, the 
study of the antiphotooxidative effect of carotenoids mostly focused on lipid or fatty 
acids. The antioxidative effect of carotenoids on the photooxidation of flavor 
compounds has not been well studied, either. 

This paper reports the antioxidative effect of capsanthin on the chlorophyll-
photosensitized oxidation of soybean oil and selected flavor compounds including 2-
ethylfuran, 2,4,5-trimethyloxazole, and 2,5-dimethyl-4-hydroxy-3(2H)-furanone 
(DMHF), which are unstable when exposed to light in the presence of sensitizer 
(3,20). The quenching mechanism and kintics of capsanthin on the photosensitized 
oxidation of soybean oil are also reported, β-carotene and lutein were used as 
controls for comparing the antiphotooxidative activity with capsanthin. 

EXPERIMENTAL 

Materials. Soybean oil was purchased from a local supermarket and purified in our 
laboratory according to the method of Lee and Min (15). Chlorophyll was extracted 
and purified from spinach according to the method of Omata and Murata (21). β-
carotene was purchased from Sigma Chemical Co. (St. Louis, MO). Capsanthin, 
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Compound 

Capsanthin 

SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Structure No. of conjugated 
double bond 

11 

B-Carotene f ^ r ^ ^ ^ 

Lutein 

11 

10 

Figure 1. Structures of capsanthin, β-carotene, and lutein. 

coolant outlet 

condenser 

oxygen inlei 
coolant inlet 

reaction flask 

light source light source 

Figure 2. Apparatus for the photosensitized oxidation of flavor compounds. 
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15. CHEN ET A L Effect of Capsanthin on Photooxidation of Soybean Oil 191 

which was extracted from paprika spice, and lutein were obtained from K A L S E C 
Co. (Kalamazoo, MI). 2-Ethylfiiran, 2,4,5-trimethyloxazole, and DMHF were 
purchased from Aldrich Chemical Co. (Milwaukee, WI). Absolute alcohol was 
obtained from Pharmco Products Co. (Brookfield, CT). 

Evaluation of the antioxidative effect of carotenoids on the chlorophyll-
sensitized photooxidation of 2-ethylfuran, 2,4,5-trimethyloxazole, and DMHF 
by spectrophotometry method. Mixtures of 1 χ ΙΟ"3 M 2-ethylfuran, 2,4,5-
trimethyloxazole, or DMHF in 100 ml absolute alcohol containing 10 ppm 
chlorophyll and either 1.0 χ 10 - 5 or 2.5 χ ΙΟ - 5 M carotenoids were prepared in 250 
ml of flask. The antiphotooxidative effect of carotenoids including capsanthin and 
lutein on these flavor compounds was carried out under light exposure at 20°C while 
bubbling with oxygen at 260 ml/min according to the method of Chen and Ho (3) as 
shown in Figure 2. The light intensity at the sample position was 67,000 lux. The 
effect of carotenoids was determined using a Hitachi U-3110 spectrophotometer 
(Danbury, CT) in which the percentage of substrate remaining was calculated by 
measuring the decrease of optimum wavelength absorbance of test compounds. The 
optimum wavelength absorbance of 2-ethylfuran, 2,4,5-trimethyloxazole, and DMHF 
was 215, 225, and 290nm, respectively. 

Evaluation of the antioxidative effect of carotenoids on the chlorophyll-
sensitized photooxidation of purified soybean oil by the Rancimat method. 
Samples of 100 or 200 ppm carotenoids in 2.5 g purified soybean oil containing 200 
ppm chlorophyll were prepared in 2.0 cm i.d. χ 15cm glass open cylinders. The 
cylinders were then placed in the light box, which was modified from the device as 
reported by Lee and Min (75). The light intensity at the sample level was 10,000 lux. 
The temperature of the light storage box was kept at 25°C. After 4 hrs storage in the 
tight box, the cylinders were placed in a Model 679 Rancimat instrument (Metrohm, 
Switzerland). The oxidative stability of this soybean oil was measured by determining 
the induction time at 100°C. The air supply was maintained at 201/hr. 

Quenching mechanism and kinetics study of capsanthin by oxygen depletion 
method. The quenching mechanism and kinetics of capsanthin were studied using 
the steady state kinetic method of Foote and Denny (22) and Lee and Min (76). 
Samples of 0.03, 0.06, 0.10 or 0.16 M purified soybean oil in methylene chloride 
containing 4 ppm chlorophyll and 0, 0.25 χ 10"5, 0.5 χ 10"5, 0.75 χ 10"5 or 1 χ 10"5 

M capsanthin were prepared. Fifteen ml of prepared sample was transferred into 
30ml serum bottles and sealed air-tight with rubber septa. Duplicate samples were 
placed in the light box for 2hrs at 25°C and the percentage of headspace oxygen was 
analyzed using a Hewlett-Packard 5890 Π gas chromatograph (GC) equipped with a 
thermal conductivity detector (TCD) and a Hewlett-Packard 3396A integrator. The 
GC column was a two-layer concentric column (Alltech CTRI, Avondale, PA); the 
outer column was 6 ft χ 1/4 in. o.d. packed with an activated molecular sieve; the 
inner column was 6 ft χ 1/8 in. o.d. packed with a porous polymer mixture. The flow 
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192 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

rate of helium carrier gas was at 20 ml/min. The temperature of the injection port, 
oven and detector were 50, 35 and 100°C, respectively. 

R E S U L T S A N D D I C U S S I O N 

Antiphotooxidative effect of carotenoids on 2-ethylfuran, 2,4,5-
trimethyloxazole, and D M H F . The effect of 1.0 χ 10"5 or 2.5 χ ΙΟ"5 M capsanthin 
or lutein on the photooxidative stability of 2-ethylfuran, 2,4,5-trimethyloxazole, and 
DMHF in absolute alcohol containing chlorophyll was conducted under light 
exposure while bubbling with oxygen. The percentage of substrate remaining was 
determined using spectrophotometry and was used as an index of antiphotooxidative 
activity of carotenoids. The greater the percentage of substrate remaining, the higher 
the antiphotooxidative activity exhibited. 

The antiphotooxidative effect of capsanthin and lutein on the 2-ethylfuran, 
2,4,5-trimethyloxazole, and DMHF is shown in Figure 3. Both capsanthin and lutein 
showed the antiphotooxidative effect on these flavor compounds. The 
antiphotooxidative activity of carotenoids increased when the concentration 
increased from 1.0 χ 10"5 to 2.5 χ ΙΟ"5 M . Comparison of the same concentration of 
capsanthin and lutien, the antiphotooxidative activity of capsanthin was higher than 
that of lutein. 

Antiphotooxidative effect of carotenoids on the induction time of soybean oil as 
measured by the Rancimat method. The effect of 100 ppm or 200 ppm 
capsanthin, β-carotene, or lutein on the photooxidative stability of soybean oil 
containing 200 ppm chlorophyll was measured by the Rancimat method after 4 hours 
light exposure at 25°C. Preliminary studies showed that the induction time of 
purified soybean oil containing 100 or 200 ppm carotenoids without chlorophyll was 
slightly lower than that of the blank sample which contained no carotenoids (data not 
shown). Therefore, there is no anti-autoxidative effect of carotenoids on the soybean 
oil. Table I shows that as the concentration of the carotenoids increased from 100 to 
200 ppm, the induction time as well as the anti-photooxidation index (API) 
increased. The induction time of soybean oil containing the carotenoids was longer 
than that of the control sample which contained no carotenoid; however, it was still 
shorter than that of the blank sample which contained no carotenoid and no 
chlorophyll. 

Table Π shows that as the number of conjugated double bond increased from 
10 to 11, the API of soybean oil increased at the concentrations of 100 and 200 ppm 
carotenoids. It has been reported that as the number of conjugated double bonds of 
carotenoids increased, the peroxide values of chlorophyll-sensitized photooxidation 
of soybean oil decreased significantly (76,77). Therefore, the singlet oxygen 
quenching ability of carotenoids was dependent on the number of conjugated double 
bonds of the carotenoids as reported by Lee and Min (76), Jung and Min (77), and 
Hirayama et al. (23). 

Table II also shows that the soybean oil containing capsanthin had a higher 
API than the oil containing β-carotene although both of the carotenoids have the 
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15. CHEN ET AL. Effect of Capsanthin on Photooxidation of Soybean Oil 193 

1 2 3 4 

Time (min) 

no chlorophyll and 
carotenoid 

capsanthin (2.5 χ 10* M) 
lutein (2.5 χ ΙΟ"5 M) 
capsanthin (1.0 χ ΙΟ"5 Μ) 
lutein (1.0 χ 10 Μ) 
chlorophyll only 

100 

100 

Time (min) 

no chlorophyll and 
carotenoid 

capsanthin (2.5 χ 10 s M) 
r5, lutein (2.5 χ 10° M) 

capsanthin (1.0 χ ΙΟ"5 M) 
lutein (1.0 χ ΙΟ"5 Μ) 

chlorophyll only 

no chlorophyll 
and carotenoid 

capsanthin (2.5χ 10 sM) 
lutein (2.5 χ ΙΟ"5 M) . 
capsanthin (1.0 χ 10"5 M) 
lutein (1.0 xl0"5M) 
chlorophyll only 

180 

Figure 3. Antiphotooxidative effect of capsanthin and lutein on (A) 2-
ethylfuran, (B) 2,4,5-trimethyloxazole, and (C) 2,5-dimethyl-5-hydroxy-3(2H)-
furanone (DMHF) in absolute alcohol containing 10 ppm chlorophyll at 20 °C. 
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194 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Table I. Effect of carotenoids on the induction time detected by the Rancimat 
method of soybean oil containing 200 ppm chlorophyll during light 
exposure for 4 hours. 

Carotenoid 
(ppm) 

Induction time (IT)1 

(hrs) 
Anti-photooxidation index 

(API) 1 

Control2 7.96 _ 

Capsanthin (100) 8.94 0.303 
Capsanthin (200) 9.64 0.518 
Blank3 11.20 -

Control2 7.96 _ 

β-Carotene (100) 8.90 0.292 
β-Carotene (200) 9.60 0.505 
Blank3 11.20 -

Control2 7.96 _ 

Lutein (100) 8.74 0.241 
Lutein (200) 9.39 0.440 
Blank3 11.20 -

1. API = (carotenoid IT - control IT) / (blank IT - control IT) 
Each value is the means of duplicates 

2. soybean oil + 200ppm chlorophyll 
3. soybean oil only 

Table Π. Effect of the number of conjugated double bond of carotenoids 
on the anti-photooxidation index (API) of soybean oil during light 
exposure. 

Carotenoid Number of conjugated 
double boud 

API 

(100 ppm) 
Lutein 10 0.241 
β-Carotene 11 0.292 
Capsanthin 11 0.303 

(200 ppm) 
Lutein 10 0.440 
β-Carotene 11 0.505 
Capsanthin 11 0.518 
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15. CHEN ET A L Effect of Capsanthin on Photooxidation of Soybean Oil 195 

same number of conjugated double bonds. It has been reported that the singlet 
oxygen quenching ability of carotenoids was determined not only by the number of 
conjugated double bonds, but by the functional groups of the carotenoid (23). As 
reported by Hirayama et al (23), conjugated keto groups and the presence of a 
cyclopentane ring in the carotenoids stimulate quenching efficiency. Comparison of 
the structure of capsanthin with that of β-carotene reveals that there is one 
conjugated keto group and one cyclopentane ring in the structure of capsanthin but 
β-carotene contains neither of them (Figure 1). Therefore, the antiphotooxidative 
activity of capsanthin is higher than that of β-carotene, as shown in Table II. This 
result confirms Hirayama's prediction. 

The Rancimat method has been used to measure the antioxidant activity of 
synthetic and natural antioxidants (24-26) and has correlated well with oil stability 
measured by the Active Oxygen Method (27) and peroxide value measurement (28). 
Our study showed that using the Rancimat method to study the antiphotooxidative 
effect of carotenoids on the soybean oil was in agreement with the results using the 
headspace oxygen depletion method (16) and the peroxide value method (16,17). 

Quenching mechanism and kinetics of capsanthin. The following steady-state 
kinetic equation would be established if carotenoids reduced the chlorophyll-
photosensitized singlet oxygen oxidation by singlet oxygen quenching (4,22). 

{-d[02]/dt}-! = {d[A02]/dt}-! 
= K-1{1 + (kq[Q] + kox-Q[Q] + kd)/kr[A]} 

A 0 2 : oxidized soybean oil 
Κ : rate of singlet oxygen formation 
kq : reaction rate constant of physical singlet oxygen quenching by capsanthin 
Q : capsanthin 
kox-Q · reaction rate constant of chemical singlet oxygen quenching by carotenoid 
kd : decaying rate constant of singlet oxygen 
k r : reaction rate constant of soybean oil with singlet oxygen 
A : soybean oil. 

The intercepts and slopes of the plots of (-d[02]/dt)-1 vs [A]" 1 at various 
concentrations of quencher (Q) are K " 1 and K _ 1 {(kd + kq[Q] + kox-Q[Q]/kr}, 
respectively. The plot of SQ/SO (slopes in the presence and absence of quencher) vs 
[Q] is a straight line, and the slope of the straight line is (kq + kox-Q)/kd (4,29,30). 
The rate constants (kd) of singlet oxygen decay in different solvents have been 
reported (37). Therefore, the total singlet oxygen quenching rate constant (kq + 
kox-Q) of quencher can be determined from the slope of the plot of SQ/SO VS [Q] 
[4]· 

The plots of (-d[02]/dt)-1 vs [soybean oi l] - 1 at different levels of capsanthin 
are shown in Figure 4. The intercepts were the same at different levels of the 
capsanthin, but the slopes of the plots increased as the concentration of capsanthin 
increased from 0 to 1 χ 10"5 M . This result showed that capsanthin as well as other 
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5 

0-F-—• 1 • 1 • 1 • 1 
0 10 20 30 40 

1/oil in methylene chloride (1/M) 

Figure 4. Effect of capsanthin on the headspace oxygen depletion of soybean 
oil in methylene chloride containing 4 ppm chlorophyll when exposed to light 
for 2 hours at 25 °C. 

—ι 1 1 1 1 r • 1 • 1 · " 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 

Capsanthin (x 10"5M) 

Figure 5. Plot of SQ/S0 vs [capsanthin]. 
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15. CHEN ET AL. Effect of Capsanthin on Photooxidation of Soybean Oil 197 

carotenoids quenched the singlet oxygen but did not quench the excited triplet state 
of chlorophyll to reduce the photosensitized oxidation of soybean oil « 5 , 7 5 , 7 5 ) . 

To measure the total singlet oxygen quenching rate constant (kq + kox-Q) of 
capsanthin, the regression line of S Q / S O VS [capsanthin] was plotted as shown in 
Figure 5. S Q and So are the slopes of the plot of (-d[02]/dt)-1 vs [soybean oil]"1 in 
the presence and absence of capsanthin, respectively. As shown in Figure 5, the 
slope of the plot of S Q / S O vs [capsanthin] is 5.746 χ 105 M _ 1 . Since the slope of the 
plot of S Q / S O vs [quencher] is (kq + kox-Q)/kd (4,22,30) and the kd value of singlet 
oxygen in methylene chloride is 1.0 χ 104 s"1 (37), the total singlet oxygen quenching 
rate constant (kq + kox-Q) of capsanthin is 5.746 χ 109 M - 1 s _ 1 in methylene 
chloride. 

C O N C L U S I O N 

It has been known that carotenoids are able to quench singlet oxygen to reduce the 
photosensitized oxidation reaction (16,17). Our study showed that capsanthin, a 
major carotenoid from paprika, as well as β-carotene and lutein exhibited the ability 
to quench singlet oxygen to reduce the photosensitized oxidation of both soybean oil 
and selected flavor compounds including 2-ethylfuran, 2,4,5-trimethyloxazole, and 
DMHF. These results suggest that capsanthin as well as other carotenoids may be 
applied to food system which contains food lipids or flavor compounds to minimize 
food photodeterioration. 
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Chapter 16 

Curcumin: An Ingredient that Reduces 
Platelet Aggregation and Hyperlipidemia, 
and Enhances Antioxidant and Immune 

Functions 

Yaguang Liu 

L. Y. Research Corporation, 67-08 106A Street, Flushing, NY 11365 

The effects of curcumin on blood platelet aggregation, 
hyperlipidemia, lipid peroxidation and immune function were 
determined. Curcumin exhibited strong inhibition of blood 
platelet aggregation in humans and lipid peroxidation induced by 
adenosine diphosphate (ADP) of rats. The marked rise in serum 
cholesterol levels in rats following 4 weeks of cholesterol feeding 
was significantly reduced by curcumin. Additionally, curcumin 
showed that it increased immune function, including macrophage 
rate and lymphoblastoid transformation in immunosuppression 
rats induced by cyclophosphane (CY). The above pharmaceutical 
effects of curcumin with addition of flavone of Matricaria L. 
were stronger than curcumin alone. It can be seen that curcumin 
effectively prevents cardiovascular disease, increases immune 
function and exhibits anti-oxidant activity. 

Curcumin is isolated from the rhizomes of the plant, Curcuma longa L. which is a 
medicinal plant widely used in China, India and Southeast Asia. The rhizomes of 
the plant has been used in China as a reduction in serum hyperlipidemia and 
stomachic drug (J). 

Curcumin has demonstrated anti-inflammatory and anti-oxidant properties and 
it is essentially non-toxic (2-6). Recent studies have indicated that a group of four 
ingredients, which include curcumin, scoparone, ferulic acid and flavone of 
Matricaria L. has demonstrated marked hyperlipidemia and platelet-aggregation 
reducing properties (7). 

This paper describes the effects of curcumin and flavone of M. chamomilla L. 
on platelet-aggregation, hyperlipidemia, anti-oxidant and immune functions. 

© 1997 American Chemical Society 
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200 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Materials 

Curcumin was extracted from C. longa L. according to the following steps. 
Rhizome of C. longa L. or C. aromatica salisb or C. zedoaria Rosco was 

dried and powered. One kilogram of the powder was soaked in 5 liters of 95% 
ethanol, for 12 hours at room temperature. The resulting ethanol extract was 
filtered. The ethanol was then recovered under reduced pressure distillation. A 
residue was dissolved in 200 ml of 1 Ν NaOH. The resulting solution was adjusted 
to pH 7 with 1 N HC1 and a light yellow precipitate was formed. The precipitate 
was dissolved in 300 ml of 95% ethanol and the last procedure was repeated to 
form a light yellow precipitate again. The light yellow precipitate was washed with 
acetone and ether successively and then dried under vacuum and was found to have 
a melting point at 1830 C. 

Flavone was extracted from M chamomilla L. according to the following 
steps. 

Plants of M chamomilla L. were dried and powdered. One kg of the powder 
was extracted in 2 liters of 95% ethanol for about 24 hours at room temperature. 
The solution was filtered and the filtrate saved. Two liters of 95% ethanol were 
added to the residue and refluxed in a water bath for 6 hours. The refluxed ethanol 
was cooled and filtered and the filtrate combined with the extract filtrate. Ethanol 
was then recovered by reduced pressure distillation and the residue was saved. One 
thousand ml of acetic ether was added to the residue and refluxed in a water bath 
for 6 hours. The refluxing procedure was repeated. Acetic ether was then 
concentrated under reduced pressure distillation. Crystals were formed which were 
then washed with water. The final crystals were dried under vacuum and were found 
to have a melting point of about 250° C (7). 

C. longa L. and M chamomilla L. are recognized by Food and Drug 
administration (FDA) as safe for human consumption. 

Methods 

Blood platelet Aggregation. The blood platelet aggregation test was performed 
according to the method of Born et al. (8). Blood was collected from veins of 
humans using a needle attached to a plastic disposal syringe. The blood was 
immediately transferred to a siliconized glass tube containing 0.1 volume of 3.13% 
sodium citrate. Platelet-rich plasma (PRP) was obtained by centrifugation of the 
whole blood at 1000 rpm for 10 min at room temperature. Platelet-poor plasma 
(PPP) was prepared by centrifugation of the remaining blood at 3000 rpm for 10 
min. Platelet aggregation was performed at 37°C. Human platelet studies were 
carried out with a constant platelet number (3 χ 108 /ml). With regard to 
determination of platelet aggregation, maximum aggregation was induced by 0.2 
u M (ADP). 0.4 ml PRP was added into each tube. Thirty six tubes were divided 
into three groups. Fifty μΐ of saline was added to each tube of control group, 50 μΐ 
of curcumin (0.5 mg/ml) was added to each tube of the crucumin (treatment 1) 
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16. LIU Curcumin: Platelet Aggregation & Hyperlipidemia 201 

group, and 50 μΐ of curcumin (0.45 mg/ml) + 5 μΐ flavone of M chamomilla L. 
(0.05 mg/ml) were added to each tube of curcumin plus flavone of M chamomilla 
L. (treatment 2) group. After incubation for 3 minutes at 37° C , 50 μΐ of 2 M ADP 
was added to each tube. A five minute's aggregation curve for each tube was 
plotted. 

Percent inhibition of aggregation by PHP was calculated by: 
% aggregation in control - % aggregation with treatment 

% inhibition of aggregation = χ 100 % 
% aggregation in control 

Determination of Lipid Peroxidation in Mitochondria and Microsomes. Rats 
were killed by decapitation after fasting for 24 hours and their liver tissue was 
quickly removed. Microsomal and mitochondria fractions were isolated from the 
liver tissue by the method of Oda (9). The liver tissues were cut into small slices in 
0.25 M sucrose containing 3 mM Tris-HCl and 0.1 mM EDTA (pH 7.4) at 4°C, and 
then small slices of liver tissues were homogenized with nine times (the amount by 
weight) 0.25 M sucrose solution containing 3 mM Tris-HCl and 0.1 mM E D T A (pH 
7.4) at 4° C. The homogenate solutions were adjusted to pH 7.4 by the addition of 
0.1 Ν KC1, and then the homogenate was centrifuged at 50 χ g for 10 minutes at 4° 
C to remove the nuclear fractions and red blood cells. The supernatant phase was 
centrifuged at 700 χ g for 10 minutes at 4°C, and then further centrifuged at 5,000 
χ g for 45 minutes at 4°C to give mitochondrial fractions. The isolated 
mitochondrial fractions were washed twice with Krebs-Ringer phosphate buffer (pH 
7.4). The supernatant phase centrifuged at 5,000 χ g for 45 minutes was further 
centrifuged at 24,000 χ g for 10 minutes at 4° C. The precipitation was removed and 
the supernatant phase was again centrifuged at 54,000 χ g for 60 minutes at 4° C to 
obtain microsomal fractions. The isolated microsomal fractions were washed twice 
with Krebs-Ringer phosphate buffer (pH 7.4). Mitochondria and microsomes were 
suspended in Krebs-Ringer phosphate buffer (pH 7.4). The final protein 
concentrations of the mitochondrial and microsomal suspensions were adjusted to 
10 mg protein/ml. 

A mixture of mitochondrial suspension (0.5 ml, 10 mg protein/ml), Kerbs-
Ringer phosphate buffer containing 40 mM ADP, 12 mM ascorbic acid and the 
indicated amount of curcumin and flavone of M. chamomilla L. were incubated at 
37° C for 15 minutes in a final volume of 1 ml. In the treatment 1 group, buffer 
contained 5 χ ΙΟ"4 M curcumin. In the treatment 2 group, buffer contained 0.45 χ 
ΙΟ"4 M curcumin and 0.05 χ ΙΟ"4 M flavone. Lipid peroxides of mitochondria were 
determined by the method of Ohkawa et al. (10). 

Reducing Hyperlipidemia Test. Young male Wistar rats with an average weight 
of 130 g were fed normal laboratory diet and were housed individually in cages. 
Room temperature was controlled at 25 ± 1° C with 60% relative humidity. Lighting 
was controlled with cycles of 12 hours light followed by 12 hours of dark. 
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202 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Forty male rats were separated into four groups. The normal group was given a 
regular laboratory diet. Control and treatment groups 1 and 2 were given a regular 
diet supplemented with 1% cholesterol and 0.2% cholic acid. A restricted diet (8g) 
was prescribed every morning. Curcumin (dose 100 mg/kg/day) was dissolved in 
distilled water (2 ml/rat) and was orally administered to rats of treatment 1 group. 
Curcumin (dose 90 mg/kg/day) plus flavone (dose 10 mg/kg/day) were dissolved in 
distilled water (2 ml/rat) and was orally administered to rats of treatment 2 group. 
After 4 weeks of feeding, the rats were starved 18 hours, then sacrificed. Blood was 
collected from the jugular vein. The blood and liver were removed immediately and 
portions of the tissue were examined to determine cholesterol, triglyceride and total 
lipid. 

Lipid Content. Total lipid contents of the liver and serum were determined 
by the methods of Sperry and Brand (11). Total cholestérols were determined by 
the methods of Carr and Drekter (12), free cholesterol by the method of Sperry 
(13), and triglycerides by the method of Van handel-Zilversmit (14). 

Immune Function. Male mice weighting 18-20 g were used in the experiments and 
were divided into treatment 1, 2 and control groups. For treatment 1 group, the 
dosage of curcumin was 5.5 mg/kg injected intraperitoneally. For treatment 2 
group, the dosage of curcumin was 5.0 mg/kg and 0.5 mg/kg flavone. The mice of 
control group were injected with the same volume of normal saline. These 
injections were repeated daily for 7 days. On the last day, both treated and control 
groups were injected intraperitoneally with CY. The dosage of C Y was 4.5 mg/kg. 
On the seventh day, the animals were killed by decapitation. The blood was 
removed immediately and was examined to determine immune function. 

Lymphoblastoid Transformation Test. Lymphoblastoid transformation test was 
performed using the method of Hogan (15). Cells (1 χ 106/ml) were maintained in 
Eagles minimum essential medium containing 10% fetal bovine serum (FBS) and 10 
μg/ml polysaccahride-free purified phytohemaggiutinin (PHA-P). The cells were 
incubated at 37°C/5% CO2 /95% humidity and the medium changed every day. 

Macrophage. The macrophage cells were cultured in PPMI-1640 medium with 
10% FBS. After overnight incubation at 37° C in an atmosphare of 5% C 0 2 and 
95% air, non-adherent cells were washed away. The adherent cells were further 
incubated with 4 ml of the medium for 24 hours at 37° C. Antigens were added to 
macrophage monolayers. After 6 hours incubation at 37° C, the monolayers were 
washed four times to remove antigens and immediately used for experiments. 
Macrophage cytotoxicity was measured as previously described (16). Results are 
expressed as a specific percentage of 5 3 Cr release (percentage cytotoxicity) as 
calculated by the following formula: percentage specific cytotoxicity = 100 χ 
(experimental c.p.m. - spontaneous c.p.m.)/(total c.p.m. -spontaneous c.p.m.). 

 O
ct

ob
er

 2
4,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
an

ua
ry

 2
9,

 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

97
-0

66
0.

ch
01

6



16. LIU Curcumin: Platelet Aggregation & Hyperlipidemia 203 

Results and Discussion 

The significant inhibitory effect of curcumin on platelet-aggregation is summarized 
in Table I below. Curcumin with flavone of M. chamomilla L. appeared to be 
more effective than curcumin alone. Platelet aggregation and subsequent adhesion 
under the influence of local flow irregularities are primary and injury of the intimai 
tissue is secondary (17). Organ damage and dysfunction may be a consequence of 
platelet aggregation and embolization of platelet thrombi in micro-circulation. 
Aggregation of platelets might cause damage resulting in obstruction of vessels. 
Intermittent infusions of adenosine diphosphate into the coronary circulation of pigs 
caused circulatory collapse, electrocardiographic evidence of myocardial ischemia, 
ventricular dysrhythmias and formation of platelet aggregates in the microcirculation 
(18, 19). 

Table I. Effects of Curcumin on Aggregation of Platelet 

Rate of aggregation of platelet 
Control 67.6 ±5.0 
Treatment 1 26.8 ±0.8* 
Treatment 2 24.7 ±0.7* 

Each value represents the mean of 10 animals ± S.E. 
* PO.01, significantly different from the normal group. 
Treatment 1: Curcumin only. 
Treatment 2: Curcumin plus flavone of Matricaria chamomilla L. 

As shown in Table Π, the blood cholesterol level in rats fed 1% cholesterol 
was elevated 284% and supplementation of curcumin and curcumin plus flavone of 
M. chamomilla L. to the cholesterol diet depressed this elevation significantly. 
Phospholipid levels showed no significant change. The addition of flavone of M 
chamomilla L. appeared to be more effective than the curcumin-only group. 

Table DL Effect of Curcumin on Cholesterol Levels in Blood 

Diet Cholesterol Phospholipid Cholesterol/Phospholipid 
(mg/dl) (mg/dl) (%) 

Normal 125 ± 6 201 ± 5 62 
Cholesterol 480 ±40 230 ± 9 209 
Treatment 1 210 ±10* 208 ± 6 * 101 
Treatment 2 176 ± 8* 195 ± 5* 90 

As shown in Table III, total lipid levels, free and total cholesterol, and triglyceride 
levels of the liver decreased significantly when curcumin and flavone of M. 
chamomilla L. were added to the hypercholesterolemic diet but free cholesterol in 
the liver appeared no significant change. 
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Table ΠΙ. Effect of Curcumin on Lipid Level 

Per 100 g liver tissue 

Group Total lipid Total cholesterol Free cholesterol Triglyceride Group 
(g) (mg) (mg) (mg) 

Normal 7.5 ± 1.0 516 ± 9 0 231 ± 2 1 397 ± 25 

Cholesterol 17.3 ± 2 . 1 2472 ± 1 5 1 327 ± 2 6 520 ± 2 7 * * 

Treatment 1 9.0 ± 0 . 8 * 1101 ± 9 2 * 291 ± 2 7 * 451 ± 2 5 * * 

Treatment 2 8.1 ± 0 . 8 * 921 ± 8 0 * 280 ± 2 4 * 411±23* 

Each value represents the mean of 10 samples ± S.E. 
*P < 0.05, significantly different from the normal group; ** Ρ < 0.01 

Recent clinical studies have shown that the plant C. longa L. significantly reduces 
blood lipid (J). As shown in Table III, curcumin can also significantly reduce blood 
and liver cholesterol levels. Therefore, these studies suggest that curcumin may be 
the active ingredient responsible for the lipid-lowering effects of the plant C. longa 
L 

Table IV lists the lipid peroxidation in rat liver mitochondria. Treatment 1 and 2 
significantly reduced the level of peroxidation. Peroxidation of lipids in the liver has 
been shown to result in many kinds of toxicity such as of membrane function and 
damage to membrane bound enzymes (20), 

Table IV. Effects of Curcumin on ADP plus Ascorbic Acid-induced Lipid 
Peroxidation in Rat Liver Mitochndria 

Group Inhibition 
Normal 
Treatment 1 55.4% ±4.5* 
Treatment 2 69.1% ±5.0* 

Each value represents the mean of 10 samples ± S.E. 
* PO.01, significantly different from the normal group. 

C Y is a very strong immune inhibitor. It inhibited phagocytic rate to 77% and 
lymphoblastoid to 48% in rats. As shown in Table V and VI, curcumin and 
curcumin with flavone of M chamomilla L. can significantly increase immune 
function which has been markedly decreased by CY. 

Table V. Effects of Curcumin on Macrophages 

Group Phagocytic rate ± SD (%) 
Control 35.10 ±2.01 
C Y 8.00 ±0.36 
C Y + Treatment 1 21.00 ±0.20* 
C Y + Treatment 2 23.20 ±0.20* 
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Table VI. Effect of Curcumin on Lymphoblastoid Transformation 

Group C P M ± S D 

Control 1340 + 51 

C Y 697 + 38 

C Y + Treatment 1 905 ± 70* 

C Y + Treatment 2 985 ± 7 5 * 

Each value represents the mean of 10 samples + S.E. 
•PO.01, significantly different from cyclophosphamide group. 

On the basis o f the above results, we conclude that curcumin may protect 
against cardiovascular disease, increase immune function and has anti-oxidant 
activity. 
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Chapter 17 

Antioxidant Activity of Lavandin 
(Lavandula x intermedia) Cell Cultures 
in Relation to Their Rosmarinic Acid 

Content 

T. López-Arnaldos1, J. M. Zapata2, A. A. Calderón1, 
and A. Ros Barceló1 

1Department of Plant Biology, University of Murcia, 
E-30100 Murcia, Spain 

2Department of Plant Biology, University of Alcalá de Henares, 
E-28871 Alcalá de Henares, Spain 

Antioxidants are one of the principal ingredients that protect food quality 
by preventing oxidative deterioration of biomolecules. There is a growing 
interest in the application of antioxidants from plant material, herbs and 
spices. Spices provide one of the most promising sources of antioxidant 
compounds. Extracts from the Lamiaceae and Boraginaceae families have 
been reported to be effective antioxidants. The antioxidant activity is 
primarily attributed to phenolic compounds that function as free radical 
terminators and, in some cases, also as metal chelators. The present study 
was undertaken to assess the antioxidant activity of extracts from 
lavandin (Lavandula x intermedia) cell cultures. We have compared the 
superoxide anion scavenger activity of rosmarinic acid (main constituent 
of lavandin extracts) with that displayed by other structurally-related 
compounds. Finally, the iron-chelating properties of rosmarinic acid are 
reported. 

The food industry routinely uses synthetic antioxidants such as BHA, BHT and TBHQ 
to protect products from oxidative deterioration. Although these antioxidants are 
effective, highly stable and inexpensive, there is concern about potential adverse effects 
from synthetic antioxidants (7). Toxicological data support the safety of the synthetic 
antioxidants when used at normal use levels. Public perception that synthetic compounds 
are dangerous is driving the industry to search for "natural" antioxidants. 

Traditionally spices have been used to improve flavor and stability of food. One 
mode of preservation by plant extracts is the antioxidant activity which protects foods 
against off flavor related to lipid oxidation. The antioxidative activity found in many 
plants is due to the presence of compounds of a phenolic nature (7). 

© 1997 American Chemical Society 
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17. LOPEZ-ARNALDOS ET AL. Antioxidant Activity ofLavandin Cell Cultures 207 

Phenolic antioxidants function as free radical terminators and in some cases as 
metal chelators. Phenolic acids particularly have been identified as potent antioxidants. 
Caffeic acid and its esters are good examples of phenolic antioxidants (2). 

Rosmarinic acid (a-0-caffeoyl-3,4-dihydroxyphenyllactic acid) (Figure 1) is an 
example of a caffeic acid ester occurring in plants. Rosmarinic acid is mainly found in 
species of the Boraginaceae and Lamiaceae families, but can also be detected in other 
families (i.e. Apiaceae), ferns and hornworts (Table I) (3,4). This suggests that the ability 
to synthesize this caffeoyl ester may actually be widespread as evidenced by rosmarinic 
acid accumulation in a range of species (Table I) (5). 

Current research on rosmarinic acid centers on its physiological and pharmaco­
logical activities, and it is regarded as a potential pharmaceutical plant product (5). So, 
rosmarinic acid has been shown to suppress the complement-dependent components of 
endotoxin shocks in rabbits and the oxidized compound displays antithyrotropic activity 
on human thyroid membrane preparations (5). Furthermore, there is increasing concern 
about the suitability of rosmarinic acid as a food additive. 

One approach to recovery of useful plant metabolites such as rosmarinic acid is 
to extract plants as they are currently produced. Unfortunately the agronomic conditions 
for production of such plants are extremely variable. Unreliable cultivation, harvesting, 
shipping techniques, infestation with pests and natural status of the plant can all impart 
the lost of the product produced by the plant (6). Changes in any of these conditions can 
adversely influence the production of compounds such as rosmarinic acid. The 
application of modern culturing of plant cells offers an alternative means of production. 
Conditions of culturing can be optimized such that a cell culture would produce 
rosmarinic acid on a continuous basis at high yield and in a form where it can be easily 
extracted (7). 

Occurrence of Rosmarinic Acid in Lavandin Cell Cultures 

Cultures have been successfully established from a number of plant species which 
accumulate rosmarinic acid in their tissues. However, only a few of these cultures have 
demonstrated the ability to continuously produce the ester in vitro (5). In 1994, Lopez-
Arnaldos et al. (8) established cell cultures derived from leaves and spikes of lavandin, 
a sterile hybrid between Lavandula angustifolia and Lavandula intermedia. Microscopic 
analyses of the cells forming the callus showed the presence of blue fluorescence in the 
vacuoles when the preparations were observed under U V light. This fluorescence is 
indicative of the presence of rosmarinic acid in the vacuoles. This result is in agreement 
with those of Hausler et al. (9), who have recently demonstrated the accumulation of 
rosmarinic acid in vacuoles of suspension-cultured cells of Coleus by protoplast and 
vacuole isolation (9). 

To corroborate the presence of rosrnarinic acid in lavandin cells cultured in vitro, 
50 % (p/v) methanolic extracts were obtained from the cells. In Figure 2, the U V 
spectrum of non-purified methanolic extracts is practically superimposible on that of pure 
rosmarinic acid. This suggests that rosmarinic acid is the main phenolic present in the 
methanolic extracts of the lavandin cells. Evidence in support of this suggestion arises 
from the HPLC analyses of non-purified methanolic extracts obtained from lavandin cell 
cultures (Figure 3). 

Preparative low pressure chromatography on Sephadex LH-20 ( 0 26 χ 420 mm; 
methanol as eluent) of methanolic extracts of the cells and subsequent analysis of the 
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17. LOPEZ-ARNALDOS ETAL. Antioxidant Activity of Lavandin Cell Cultures 209 

Table I. Occurence of rosmarinic acid in some plant families 

Plant Organ ΓΚΑ1 (%, w/w) 

Apiaceae 
Eryngium campestre leaf 0.8 
Sanicula europaea " 3.0 
Boraginaceae 

Anchusa officinalis flower 0.4 

Borago officinalis " 0.7 

Liihospermum officinale " 0.3 
Pulmonaria officinalis leaf 0.8 
Lamiaceae 
Calamintha sylvatica s.l. " 0.4 
Lavandula angustifolia s.l. " 1.2 
Lavandula χ burnatii " 0.5 
Lavandula latifolia " 0.7 
Lycopus europaeus " 3.7 
Melissa officinalis s.l. " 4.7 
Mentha χ piperita " 2.8 
Mentha pulegium " 2.7 
Mentha spicata " 3.9 
Monarda didyma flower 1.8 
Nepeta cataria " 0.2 
Ocimum basilicum " 1.9 
Origanum vulgare " 5.0 
Orthosiphon aristatus leaf 0.8 
Prunella vulgaris flower 6.1 

Rosmarinus officinalis " 2.5 
SaZv/û lavandulifolia s.l. leaf 0.6 
SÛZWÛ officinalis " 3.3 

Satureja montana s.l. flower 1.2 
Thymus vulgaris " 2.6 
Zosteraceae 

Zoostera marina root 1.9 
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Time Time 

Figure 3. HPLC chromatograms of non-purified methanolic extracts obtained 
from cell cultures derived from leaves (A) and spikes (B) of lavandin (Bar = 4 
minutes). 
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17. LOPEZ-ARNALDOS ET AL. Antioxidant Activity of Lavandin Cell Cultures 211 

resultant fractions by TLC (silica gel; acetic acid:methanol:dichloromethane, 4:15:35 
v/v/v) and UV-Visible spectroscopy revealed that, under the assay conditions, no 
phenolic other than rosmarinic acid could be detected after examination of TLC plates 
under U V light (λ=365 nm) and by spraying them with a solution of ferric chloride (2 %, 
p/v) (data not shown). Analyses of the plates showed that only a few fractions were 
enriched in rosmarinic acid, as judging by comparison of the Rf of the spots with that of 
pure rosmarinic acid. Furthermore, the U V spectra of these fractions were identical to 
that showed by pure rosmarinic acid (data not shown). 

The determination by HPLC of rosmarinic acid in methanolic extracts of lavandin 
cell cultures revealed a content of about 3 micromoles per gram of fresh weight (10). 
This means a concentration of about 2-3 % in weight as regards the dry weight. Similar 
concentrations have been reported working with other plant materials (Table I) (3). 

Although rosmarinic acid has been previously detected and quantified in field-
grown plant material from the genus Lavandula (3), Lopez-Arnaldos et al. (β) were the 
first to demonstrate production of rosmarinic acid in cell cultures derived from plants 
belonging to this genus. Further studies are necessary in order to optimize production 
and evaluate the potential for large-scale production of rosmarinic acid in lavandin cell 
cultures. 

Superoxide anion-scavenging activity of extracts obtained from lavandin cell 
cultures 

The presence of rosmarinic acid in methanolic extracts of lavandin cell cultures suggests 
that these extracts may offer potential as antioxidants. Despite the fact that lavandin 
belongs to the Lamiaceae family, there is little information about its antioxidant 
properties (77). 

In order to determine antioxidative activity of compounds or extracts obtained 
from plants, several methods have been developed (72). Comparison of the results 
obtained by different techniques is complicated because antioxidative activity depends 
on several factors including the substrate used in the evaluation. However, for screening 
purposes, a model system is much less time-consuming than traditional storage studies 

In our study, the antioxidative activity of methanolic extracts from lavandin cell 
cultures was monitored by following the ability of these extracts to scavenge superoxide 
anions generated in a phenazine methosulphate (PMS)-NADH system. Figure 4 shows 
the absorbance at 270-280 nm (indicative of total phenolics) and at 325 nm (indicative 
of rosmarinic acid) as well as the inhibition of the superoxide dismutase-sensitive 
nitroblue tetrazolium chloride (NBT) reduction in fractions obtained after chromatogra­
phy of lavandin methanolic extracts on Sephadex LH-20. From this figure, it can be 
observed that maximum superoxide anion scavenging ability is associated with those 
fractions containing rosmarinic acid. This fact suggests that rosmarinic acid is the main 
compound responsible for the superoxide anion-scavenging activity of methanolic 
extracts obtained from lavandin cell cultures. 
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212 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Fract ion number 

Figure 4. Total phenolic content, expressed as absorbance at 270-280 nm (· · ·), 
rosmarinic acid content, expressed as absorbance at 325 nm (—), and 
superoxide dismutase-sensitive NBT reduction (—) of fractions obtained after 
chromatographic separation on Sephadex LH-20 of methanolic extracts from 
lavaruiin cell cultures. 
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17. LOPEZ-ARNALDOS ET AL. Antioxidant Activity of Lavandin Cell Cultures 213 

Superoxide anion-scavenging activity of rosmarinic acid and other related 
compounds 

To better understand how rosmarinic acid acts as a superoxide anion scavenger, the 
ability of other structurally-related phenolics to inhibit the NBT reduction in a PMS-
N A D H system was determined for comparison. The compounds tested were: (A) 
Protocatechuic acid (a dihydroxybenzoic acid), (B) Caffeic acid (a 
dihydroxycinnamic acid), (C) Chlorogenic acid (an ester of caffeic acid and quinic 
acid), and (D) Rosmarinic acid (which can be considered as a dimer of caffeic acid) 
(Figure 5). IC 5 0 values for the scavenging of superoxide anions by phenolic 
compounds were calculated from the inhibition's percentage- concentration regression 
lines of the titrations represented in Figure 5. 

Table II contains the IC^ values obtained from data in Figure 5. As can be 
seen in this Table, of all the phenolics tested, rosmarinic acid was the most efficient 
compound in deactivating the superoxide anion, inhibiting the superoxide dismutase-
sensitive NBT reduction by 50 % with a concentration of 33 μΜ. 

The antioxidative potency of a compound is related to its structure, in 
particular to electron derealization of the aromatic nucleus and is also influenced by 
the number of hydroxyl groups (75). In this way, the higher antioxidative activity 
of rosmarinic acid with respect to that of the other phenolics tested could be related 
with the presence of two catechol groups on its molecule. However, since the IC^ 
value for rosmarinic acid is less than half of that for caffeic acid (Table II), other 
mechanisms for superoxide anion deactivation may be involved. 

When other assays are used in order to compare antioxidant activity of 
rosmarinic acid with that of the other mentioned phenolics, contradictory results are 
found. Thus, in the methyl-linoleate test (14), the antioxidant efficiency increases in 
the following order: chlorogenic acid, protocatechuic acid, caffeic acid, rosmarinic 
acid. However, using the method involving the free radical 2,2-Diphenyl-l-
picrylhydrazyl (DPPH-) (15) the increasing order of antioxidative efficiency is 
rosmarinic acid, protocatechuic acid, caffeic acid. These data illustrate the above 
mentioned difficulty of comparing results obtained by application of different 
experimental methods. 

Iron-chelating activity of rosmarinic acid 

Superoxide anion is a relatively nonreactive species in aqueous solution, but in the 
presence of hydrogen peroxide and a transition metal such as iron, the extremely 
reactive hydroxyl radical may be generated through a superoxide anion-driven, 
metal-catalysed Fenton reaction. The hydroxyl radical is able to initiate lipid 
peroxidation directly through abstraction of hydrogen from fatty acids leading to the 
formation of off-flavors and other undesirable compounds. 

One possible strategy for minimizing peroxidative damage consists in 
removing traces of heavy metals by the use of chelators. In this way, rosmarinic acid 
seems to be a good candidate for chelating iron and other metals since it bears two 
catechol and a carboxyl groups on its molecule. 

When rosmarinic acid is incubated in the presence of iron ions, the formation 
of a rosmarinic acid-iron complex takes place. The formation of this complex can 
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Figure 5. Effect of protocatechuic acid (A), caffeic acid (B), chlorogenic acid 
(Q, and rosmarinic acid (D) concentrations on superoxide anions generated in 
a PMS/NADH system and determined by the superoxide dismutase-sensitive NBT 
reduction. Bars show standard errors. 
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17. LOPEZ-ARNALDOS ET AL. Antioxidant Activity of Lavandin Cell Cultures 215 

Table Π. Superoxide anion-scavenging efficiency and structure of the 
phenolic acids tested 

Compound 

Protocatechuic acid 

Caffeic acid 

Chlorogenic acid 

Rosmarinic acid 
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216 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Figure 6. HPLC chromatograms of the rosmarinic acid-iron complex monitored 
at 572 nm (A) and at 333 nm (B). Arrows indicate retention time for rosmarinic 
acid (Bar = 4 minutes). 
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17. LOPEZ-ARNALDOS ET AL. Antioxidant Activity of Lavandin Cell Cultures 217 

be followed by VIS spectroscopy and it presents an absorption maximum at 572 nm 
(10). 

Titration curves for rosmarinic acid in the presence of different concentrations 
of iron ions indicate a stoichiometry of 1 to 1 for the complex. These data were 
confirmed by elemental analysis and inductively coupled plasma emission 
spectrometry (10). This 1 to 1 complex seems to be the only absorbent species in the 
reaction media. Support of this assertion come from graphical analysis of the 
consecutive spectra according to Coleman et al. (16) and from HPLC analysis of the 
reaction media (Figure 6). From this figure, it can also be deduced that, under the 
assay conditions, almost all rosmarinic acid is forming part of the complex, since 
absorbance at 333 nm for the expected retention time of rosmarinic acid is very low. 

Although chelating activity of compounds bearing catechol groups has been 
largely known, there is no report on complexing properties of rosmarinic acid 
towards iron ions. In 1985 Banthorpe et al., working with callus cultures of 
Lavandula angustifolia, demonstrated the secretion into the supporting agar of the 
(Z,£)-2-(3,4-dihydroxyphenyl)ethenyl ester of 3-(3,4-dihydroxyphenyl)-2-propenoic 
acid and of its (£,£)-isomer (17). These compounds, which are probably related 
biosynthetically with rosmarinic acid (75), are able to chelate F e 2 + ions forming 
intensely blue pigments (17). Since lavandin cell cultures also display blue 
pigmentation in the supporting agar and rosmarinic acid has been found to be the 
main phenolic constituent present in extracts of the medium (79), a participation of 
rosmarinic acid in the pigmentation of the culture media through the formation of 
complexes with iron ions cannot be discarded (79). 

Conclusions 

Rosmarinic acid fulfils the requirements for being considered as a potent antioxidant 
since it is not only capable of efficiently scavenging superoxide anions, but is also 
able to chelate iron ions. Studies on other possible mechanisms for rosmarinic acid 
acting as an antioxidant, such as hydrogen peroxide detoxification through 
peroxidase-catalyzed reactions (8), are now in progress. In the search for sources of 
this compound, lavandin cell cultures must be considered since they accumulate 
relatively high amounts of easy-to-purify rosmarinic acid. 
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Chapter 18 

Anti-inflammatory Antioxidants from Tropical 
Zingiberaceae Plants 

Isolation and Synthesis of New Curcuminoids 

Toshiya Masuda 

Faculty of Integrated Arts and Sciences, University of Tokushima, 
Minamijosanjima 1-1, Tokushima 770, Japan 

Antiinflammatory active antioxidants were isolated from tropical 
Zingiberaceae plant rhizomes. Their chemical structures were 
determined to be new curcuminoids. In particular, the compounds 
from Zingiber cassumunar (cassumunins and cassumunarins) have 
complex curcuminoid structures and both groups have stronger 
antioxidant and antiinflammatory activities than those of curcumin. 
The total synthesis of one of these complex curcuminoids, 
cassumunin A , was accomplished in 10 steps starting from o­
-vanillin. The regio-specific effect of the hydroxyl and methoxyl 
groups on the antioxidant activity of curcuminoid was investigated 
using synthetic curcumin analogs. 

Natural antioxidants are important materials for the oxidative deterioration of 
food, and some antioxidants also have potential prevention activity in the initial 
stages of oxidation-related diseases. Plants used for food, including spice, are well 
known to be rich in phenols. The phenols have been targeted as natural 
antioxidants because most phenolic compounds have a radical trapping property 
which produces an antioxidant activity (1). There are about fourteen hundred 
species of the Zingiberaceae plants in the world. Most of these grow or are 
cultivated in tropical and subtropical Asia (2). The Zingiberaceae plants typically 
have large rhizomes. Asian people have used these for food and spice, and also for 
traditional medicines to maintain health (3). In connection with our research to 
discover new natural antioxidants, which are beneficial for human health, we have 
been investigating tropical Zingiberaceae plants as a source for new biologically 
active antioxidants. 

Antioxidant Activity of Tropical Zingiberaceae Plant Rhizomes 

We have examined the antioxidant activity of nine cultivated species of 
Zingiberaceae rhizomes which were collected in Indonesia and Okinawa. The 
antioxidant activity was judged by the inhibition of linoleic acid oxidation in an 

© 1997 American Chemical Society 

 O
ct

ob
er

 2
4,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
an

ua
ry

 2
9,

 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

97
-0

66
0.

ch
01

8
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ethanol-buffer system. The results obtained using the thiocyanate and T B A 
methods (4) are shown in Figure 1. The antioxidant activity of the acetone extract 
of the rhizomes increased in the order Curcuma heyneana < Phaeomeria speciosa 
< Curcuma aeruginosa < Amomum kepulaga < Curcuma mangga < Zingiber 
cassumunar < Curcuma xanthorrhiza < Alpinia galanga < Curcuma domestica 
using the thiocyanate method, and in the order Curcuma heyneana < Phaeomeria 
speciosa < Curcuma aeruginosa = Curcuma mangga < Àmomum kepulaga < 
Zingiber cassumunar < Curcuma xanthorrhiza < Alpinia galanga < Curcuma 
domestica using the TBA method. 

Curcumin is a typical constituent of tropical Zingiberaceae plant (5) and has 
strong antioxidant activity (6). We analyzed the quantity of curcumin and two 
known analogs in the acetone extract of the rhizomes. Although the extracts from 
Curcuma domestica, Curcuma xanthorrhiza, and Zingiber cassumunar were 
determined to contain a relatively high amount of curcumin by HPLC analysis, 
their strong antioxidant activity could not be explained only by the curcuminoid 
contents (7). The results indicated the presence of new additional antioxidants in 
the rhizomes. 

New Antiinflammatory Antioxidants from Tropical Zingiberaceae Plants 

Recently, curcumin has received much attention because of its interesting 
biological activity, which may be related to its antioxidant property (8). 
Antiinflammatory activity is an important biological activity of curcumin (9), 
because inflammation is one of the peroxidation-related events in living 
organisms and its inhibition suggests that curcumin works as an antioxidant even 
in living cells. Huang et al. reported antitumor promotion activity of curcumin 
and clarified that its activity is linked with the suppression of arachidonic acid 
metabolism (10). This metabolic pathway is one of the lipid peroxidation events 
in living organisms. Inflammation is also well known to be closely related to the 
metabolism of arachidonic acid. We have been investigating antiinflammatory 
active antioxidants in tropical Zingiberaceae plants and succeeded in isolating 
such antioxidants from three species of tropical Zingiberaceae plants. 

Curcuma domestica. Half-processed rhizomes of Curcuma domestica are known 
as turmeric and are used as a food coloring agent. The rhizomes are also used as 
traditional medicines. New antioxidants (compounds 2 and 3) were isolated from 
the dry rhizomes of the plant, the structures of which are shown in Figure 2. 
Antioxidant activity of the compounds are displayed in Figure 3(11). 

Curcuma xanthorrhiza. Curcuma xanthorrhiza is a medicinal ginger in 
Indonesia, however, the rhizomes are sometimes used for spice as a substitute for 
Curcuma domestica. We isolated new antioxidants (compounds 4 and 5) from the 
rhizomes. Their structures and antioxidant activity are presented in Figures 2 and 
4, respectively (12). 

Zingiber cassumunar. Zingiber cassumunar has large yellow rhizomes similar to 
Curcuma domestica. The rhizomes are known to have antiinflammatory activity 
(13) and are used as traditional medicines in Thailand and Indonesia. We have 
succeeded in isolating new antioxidants with antiinflammatory activity from the 
rhizomes based on both the antioxidant and antiinflammatory assays (14, 15). 
Figure 2 shows the structures of six new compounds jcassumunins A-C (16) 
(compounds 6, 7, and 8, respectively) and cassumunarins A - C (17) (compounds 9, 
10, and 11, respectively)] isolated along with curcumin and 5'-methoxycurcumin. 
The antioxidant activity of the cassumunins and cassumunarins is also shown in 
Figures 5 and 6, respectively. 
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222 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

CH3O 8 

Ο 

5 OCH3 
10: R=H, 11: R=OCH 3 

Figure 2. The Structures of Antioxidants from the Rhizomes of Tropical 
Zingiberaceae Plants 
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Figure 3. Antioxidant Activity of the Isolated Compounds from Curcuma 
domestica. 
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Figure 4. Antioxidant Activity of the Isolated Compounds from Curcuma 
xanthorrhiza. 
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0.5 

Time (days) 
Figure 6. Antioxidant Activity of Cassumunarins A (9), Β (10), and C 
( ID . 
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18. MASUDA Anti-inflammatory Antioxidants from Zingiberaceae Plants 225 

Antiinflammatory Activity of the Isolated Antioxidants. Newly isolated 
compounds from the three Zingiberaceae plants previously mentioned are 
structurally related to curcumin. We examined their antiinflammatory activity 
(18). Curcumin (0.6 μπιοί) showed inhibitory activity of edema formation, which 
is caused by an inflammation inducer, TPA (12-0-tetradecanoylphorbol-13-
acetate, 2 μg), on mouse ear. The activity of the isolated compounds using the 
mouse ear method is summarized in Table I. 

Synthesis of Cassumunin A , a Complex Curcuminoid from Zingiber 
cassumunar 

We have begun the total synthesis of several new complex curcuminoids and 
succeeded in the synthesis of cassumunin A , the most potent antiinflammatory 
antioxidant from Zingiber cassumunar. The synthesis of curcumin was achieved 
by many groups (19), however, the most efficient method was first reported by 
Pabon (20), which involves the Knoevenagel condensation of the boron complex 
of 2,4-pentadione with vanillin. In the synthesis strategy, we employed this 
method for the coupling of two different types of benzaldehyde with 2,4-
pendadione. 

Methoxymethylated o-vanillin 12, which was prepared from o-vanillin and 
methoxymethylchloride, was condensed with 3',4'-dimethoxyacetophenone, 
giving the conjugated ketone 13 in 97% yield. One methyl group was introduced 
at the β-position of the carbonyl group in 13 by treatment of (CH3)2CuLi in 94% 
yield (compound 14). The methoxymethyl group of 14 was removed by acid 
treatment (IN HC1) in methanol to give 15 in 76% yield. The carbonyl group of 
15 was reduced to a hydroxyl group by NaBH4 in 98% yield (compound 16). 
After diacetylation of 16, the diacetate 17 was heated at 160 °C in DMSO to 
introduce a double bond at the appropriate position in 90% overall yield 
(compound 18) from 15. After hydrolysis of the acetyl group of 18 (compound 
19), regioselective introduction of aldehyde function at the 4-position was 
achieved by treatment with chloroform under alkaline conditions, giving aldehyde 
20 in 40% yield. The coupling reaction of 20 with diketone 21 under Pabon's 
conditions (20) gave cassumunarin A in 41% yield. The synthetic cassumunin A 
was identical with the natural compound based on spectroscopic methods (Figure 
7). 

Synthesis of New Curcumin Analogs and Their Antioxidant and 
Antiinflammatory Activities 

Among plant constituents, there are many kinds of phenolic compounds, such as 
flavonoids, coumarins, and phenol carboxylic acids. It is well known that they 
have various regioisomers in positions of the hydroxyl and methoxyl group 
substituents. The structure and antioxidant efficiency relationships for tocopherols 
(21) and flavonoids (22) have been well investigated, however, little is known 
about curcuminoids. We have been interested in the regio-effect of the hydroxyl 
and methoxyl groups in the benzene rings of curcumin on their antioxidant and 
antiinflammatory activities. 

We synthesized eleven curcumin analogs as shown in Figure 8, and examined 
their antioxidant activity using linoleic acid as a substrate and AIBN as an 
oxidation inducer. The data are shown in Figures 9-12 (23). Figure 9 shows that 
the hydroxyl group at 2 or 4-positions is important for antioxidant activity. 
Figures 10-12 show that a methoxyl group at the ortho or para-positions increases 
the activity. The 4-hydroxy-3-methoxy compound 31 (curcumin), the 2-hydroxy-
3-methoxy compound 26, and the 2-hydroxy-5-methoxy compound 28 show the 
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226 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Table I. Inhibitory Activity of the Isolated Compounds (0.6 μπιοί) 
on TPA (2 Mg)-Induced Mouse Ear Inflammation 

Treatment 
Experimant Left Ear Right Ear na pb±SE(mg) Inhibition(%) Significance 

1. 

1+TPA 
2+TPA 
3+TPA 
4+TPA 

TPA 
TPA 
TPA 
TPA 
TPA 

10 
10 
5 
5 
6 

16.6±0.9 
9.7±1.1 
8.7±1.4 
5.3±0.4 

11.5±1.3 

58 
52 
32 
69 

p<0.01 
/κθ.01 
p<0.0\ 
/κθ.01 

2. 

1+TPA 
6+TPA 
7+TPA 
8+TPA 

TPA 
TPA 
TPA 
TPA 
TPA 

6 
5 
5 
5 
5 

17.5±0.9 
8.9±0.9 

14.5±1.0 
13.3±1.2 
13.1±1.3 

51 
83 
76 
75 

p<0.01 
p<0.01 
p<0.01 
/xO.Ol 

3. 

1+TPA 
9+TPA 

10+TPA 
11+TPA 

TPA 
TPA 
TPA 
TPA 
TPA 

6 
5 
5 
5 
5 

16.5±0.6 
9.2±1.3 

12.3±2.1 
10.3±1.4 
10.3±0.8 

56 
75 
62 
62 

p<0.01 
/xO.Ol 
p<O.0l 
rxD.oi 

ln: number of mice, : mean of weight differnce between right ear and left ear. 

Table II. Inhibitory Activity of Curcuminoids (0.6 μΐηοΐ) 
on TPA (2 ng)-Induced Mouse Ear Inflammation 

Treatment 
Left Ear Right Ear na Db±SE Inhibition(%) Significance 

TPA 4 17.4±0.9 
31(1)+TPA TPA 4 9.7±1.9 56 /?<0.01 

28+TPA TPA 4 10.0±1.2 58 p<0.01 
26+TPA TPA 4 4.4±1.5 25 /κθ.05 

a n: number of mice, D D : mean of weight differnce between right ear and left ear. 
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0 0 
D B A / 

H 2) B(OBu)3 

3) n-BuNH2 

X, Y=OH, OCH 3 , H 

MOMCI, TBDMSiCl 

1) B 2 0 3 / 

HClor(/2-Bu)4NF 

0 0 

22: R 2=H, R 3 =H, R4=H, R 5 =H, R6=H 
23: R 2 =H, R 3 =H, R 4 =OH, R 5=H, R 6=H 
24: R 2=H, R 3 =OH, R 4 =H, R 5=H, R 6=H 
25: R 2=OH, R 3 =H, R 4 =H, R 5=H, R ^ H 
26: R 2=OH, R 3=OMe, R 4=H, R 5=H, R 6=H 
27: R 2=OH, R 3 =H, R4=OMe, R 5=H, R<j=H 
28: R 2=OH, R 3 =H, R4=H, R 5=OMe, R^=H 
29: R 2 =OH, R 3 =H, R 4 =H, R 5=H, R ^ O M e 
30: R 2=OMe, R 3 =H, R 4=OH, R 5=H, R ^ H 
31: R 2 =H, R 3=OMe, R 4=OH, R 5=H, R 6=H 
32: R 2=H, R 3 =OH, R 4=OMe, R 5=H, R 6=H 

>H 2)B(OBu)3 

*OR 3) «-BuNH2 

R=MOM, TBDMSi 

Figure 8. Structures and Synthesis of Curcuminoids (2 3-3 2). 

1.2 

Time (hr) 

Figure 9. Inhibitory Activity of Curcuminoids (22-25) against AIBN-
initiated Linoleic Acid Oxidation (Linoleic Acid: 54 mM, AIBN: 81 mM, 
Curcuminoid: 170 μΜ). 
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1.2 

Ο no inhibitor 

0 1 2 3 4 5 6 7 8 9 
Time (hr) 

Figure 10. Inhibitory Activity of Curcuminoids (25-29) against AIBN-
initiated Linoleic Acid Oxidation (Linoleic Acid: 54 mM, AIBN: 81 mM, 
Curcuminoid: 170 μΜ). 

1.2 

0 1 2 3 4 5 6 7 8 9 

Time (hr) 

Figurell . Inhibitory Activity of Curcuminoids (23, 30, and 31) against 
AIBN-initiated Linoleic Acid Oxidation (Linoleic Acid: 54 mM, AIBN: 81 
mM, Curcuminoid: 170 μΜ). 
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230 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

1.2 

8 9 

Time (hr) 
Figurel2. Inhibitory Activity of Curcuminoids (24 and 32) against AIBN-
initiated Linoleic Acid Oxidation (Linoleic Acid: 54 mM, AIBN: 81 mM, 
Curcuminoid: 170 μΜ). 

(CH30) j? 

ft 
(CH 3 0 ) 

- t r 
4. 
2 

Figurel3. Stabilization Effect of Phenolic Radical by Methoxyl Oxygen and 
Olefin of Curcuminoids (26, 28, and 31). 
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1.2 

Ο no inh ib i to r 

0 1 2 3 4 5 6 7 8 9 

Time (hr) 

Figure 15. Inhibitory Activity of Curcuminoids (33 and 34) and Curcumin 
(31) against AIBN-initiated Linoleic Acid Oxidation (Linoleic Acid: 54 mM, 
AIBN: 81 mM, Curcuminoid: 170 mM). 

strongest activity in this assay system and their efficiency is almost equivalent. 
These data indicate that the following factors are important for the curcuminoid's 
antioxidant activity; 1) the phenolic radical can be conjugated to the double bond 
in the alkyl part at the 1-position. 2) the phenolic radical can be stabilized by the 
lone pair of the methoxyl oxygen, as shown in Figure 13. These parameters are 
similar to those in tocopherol's case (24). We synthesized two curcumin analogs, 
the 4-hydroxy-2,3-dimethoxy analog 33 and the 2-hydroxy-3,4-methylenedioxy 
analog 34 (Figure 14). In the former compound the phenolic radical can be 
stabilized by the two methoxyl oxygens and the radical of the latter compound can 
be stabilized by one of the methylendioxyl oxygens, whose lone pair is well 
overlapped with the phenolic radical because the five membered ring restricts the 
lone pair obital of the oxygen in a good direction for the delocalization of the 
phenolic radical to the oxygen (25).They showed slightly stronger antioxidant 
activity than that of curcumin (Figure 15). 

The antiinflammatory activity of the two analogs (compounds 26 and 28), 
which showed equivalent antioxidant activity to curcumin, are summarized in 
Table II. These analogs have antiinflammatory activity similar to curcumin, 
indicating that the regio-specificity of substituents on the aromatic rings to the 
antiinflammatory activity may not be so important and only the antioxidant 
efficiency of the substance may important. Further studies along these lines are 
now in progress. 
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Chapter 19 

Curcumin: A Pulse Radiolysis Investigation 
of the Radical in Micellar Systems 

A Model for Behavior as a Biological Antioxidant 
in Both Hydrophobic and Hydrophilic Environments 

A. A. Gorman1, I. Hamblett1, T. J. Hill1, H. Jones1, 
V. S. Srinivasan2, and P. D. Wood1 

1Department of Chemistry, University of Manchester, 
Manchester M13 9PL, United Kingdom 

2Center for Photochemical Sciences, Bowling Green State University, 
Bowling Green, OH 43403 

Curcumin has been solubilised in aqueous anionic, cationic and neutral 
micellar systems and in aqueous buffer. The formation of its radical has been 
observed in all situations. The radical is effectively inert to oxygen and reacts 
with the natural antioxidants vitamin C and vitamin Ε and Trolox to a degree 
dependent on location. It is concluded that the anticarcinogenic activity of 
curcumin may well be a consequence of its ability to access both hydrophobic 
and hydrophilic environments, act as a radical scavenger and be repaired by 
both vitamin C and vitamin E. 

Curcumin (1), the major constituent of the spice turmeric, is a molecule of considerable 
interest as a consequence of its known biological activity. This includes the light-
induced oxidative killing of bacteria (1,2) and anticarcinogenesis related to inhibition of 
lipid peroxidation (3-6). As part of a program aimed at understanding the 
anticarcinogenic activity of this molecule (cf. Ref. 7) we have examined the behavior of 

curcumin in miceilar systems with emphasis on its location, the formation of the radical 
and the reaction of that radical with oxygen and key antioxidants. The surfactants 
employed were sodium dodecyl sulfate (SDS), cetyl trimethylammonium bromide 
(CTAB) and Triton X-100 (TX) with anionic, cationic and neutral head groups 
respectively. The curcumin radical was formed by the standard pulse radiolytic 
sequence (8,9) summarised in equations 1-5 where curcumin (Cur-OH) donates an 
electron to the azide radical prior to loss of a proton. 

© 1997 American Chemical Society 
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19. GORMAN ET AL. Curcumin: A Puise Radiolysis Investigation 235 

H 2 0 + e -> Η · + Ο Η · + e(solvated) (1) 
e(solvated) + N 2 0 + H 2 0 -» N 2 + OH" + Ο Η · (2) 

ΟΗ· + N 3 - -> OH- + Ν 3 · (3) 
Ν 3 · + Cur-OH -> N 3 - + Cur-OH*+ (4) 

Cur-ΟΗ·* Cur-Ο· (5) 

Experimental 

Pulse radiolysis experiments were essentially as previously described (10). Digitized 
data were transferred to the memory of a D A N 486 D X 33 PC for analysis. Water was 
doubly-distilled from potassium permanganate. Curcumin was as described (7). Cetyl 
trimethylammonium bromide (Fisons), sodium azide (BDH), sodium dodecyl sulfate 
(Aldrich), Triton X-100 (Aldrich), Trolox (Aldrich), vitamin C (Sigma) and vitamin Ε 
(Aldrich) were used as received. Solutions were bubbled with either nitrous oxide 
(British Oxygen Company) or nitrous oxide containing 10% oxygen (Air Products). 

Rate constants determined by time-resolved techniques are accurate to ± 5%. 

Results. 
Curcumin was readily solubilised in aqueous surfactant systems in which the surfactant 
concentration was above the critical micelle concentration (cmc). In each case the 
electronic absorption spectrum was independent of surfactant concentration above the 
cmc. 

Absorption Spectra. The electronic absorption spectra of curcumin solubilised in 
aqueous SDS and T X (Figure la) systems were essentially identical ^ m a x ~ 417 nm) 
and absolutely typical of the corresponding spectra in hydrocarbon solvents such as 
cyclohexane, a clear indication that, in such systems, a curcumin molecule on average 
occupies a hydrophobic region of the micellar system, i.e. is "within" a micelle. In 
contrast, the spectrum of curcumin in the aqueous CTAB system (Figure lb) was 
typical of the orange curcumin anion ( λ Γ η 3 χ ~ 480 nm) and it would appear that, in this 
system, curcumin is predominantly on the outer surface of the micelles, anionic, and 
associated with the tertiary ammonium head groups of the CTAB components. These 
conclusions are supported by pulse radiolysis experiments (vide infra ). 

Pulse Radiolytic Formation of the Radical in Micel lar Systems. Pulse 
radiolysis of N 20-bubbled aqueous, pH 7 buffered, micellar solutions of curcumin 
(2.0 χ 10' 5 mol'l' 1) containing sodium azide (2.0 χ 10 - 2 mol 1_1) led to formation of a 
species with λ ι γ ΐ 3 Χ ~ 490 nm. This is exemplified for the case of CTAB in Figure 2 
which shows the formation of the 490 nm species and the bleaching of the curcumin 
ground state as a function of time. These processes take place on the same microsecond 
timescale (cf. Figures 2a and 2b) and the slow decay of the 490 nm species on 
millisecond timescales (Figure 2c) was second-order, as expected for a radical-radical 
combination process. There were only minor variations in the kinetics of radical growth 
and decay for the different micellar systems for a given curcumin concentration. Of key 
importance was the finding that use of N 2 0 containing 10% oxygen led to absolutely no 
change in the kinetics of decay of the radical absorption at 490 nm. This allows an 
upper limit of - 1.0 χ 1021 mol - 1 s - 1 to be placed on the rate constant for reaction with 
oxygen. It is clear that in these systems the curcumin radical is indeed being produced 
and is inert to oxygen on the timescales of its existence in our experiments. It must be 
recognised that in the real biological situation the radical would not decay via second-
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236 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

O D 

400 500 600 nm 

Figure 1. Electronic absorption spectra of curcumin (2.0 χ 10-5 mol H ) 
solubilised in an aqueous solution of (a) TX (5.0 χ 10"3 mol l"1) and (b) CTAB (5.0 
χ 10-3 mol H). 
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19. GORMAN ET AL. Curcumin: A Puise Radiolysis Investigation 237 

Figure 2. Transient absorption spectra measured 6.4 μ$ (Χ), 22 (•), 58 μ8 
(Δ) and 126 \is (V) after pulse radiolysis of a solution of curcumin (2.0 χ 10-5 mol 
H), CTAB (5.0 χ ΙΟ"5 mol H) and sodium azide (2.0 χ 10"2 mol l"1) in N 2 0-
saturated pH 7 buffer. Insets: time dependence of (a) transient formation at 490 nm 
with first-order fit, k' = 1.0 χ 105 s_1, 4.6 % absorption/division, 10 μβΑϋνΐέΐοη, 
(b) corresponding ground-state bleaching at 430 nm with first-order fit, k' = 0.71 χ 
105 s_1, 6.7 % absorption/division, 10 μ$/άϊvision and (c) transient decay at 490 nm 
with second-order fit, 4.2 % absorption/division, 50 ms/division. 
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Figure 3. (a) and (b): Repeat of experiments corresponding to Figure 2 showing 
transient decay at 490 nm in the presence of (a) vitamin C (2.0 χ 10 - 5 mol H ) with 
first-order fit, k' = 2.0 χ 103 s - 1, 4.9 % absorption/division, 300 μβ/άίvision and 
(b) Trolox (2.0 χ 10"5 mol W) with first-order fit, k! = 8.5 χ 103 s"1, 4.6 % 
absorption / division, 50 μβΛϋνίβίοη. (c) and (d): Repeat of experiments 
corresponding to Figure 2 using TX (5.0 χ 10"3 mol 1_1) in the presence of vitamin 
Ε (2.0 χ 10 - 5 mol H ) showing (c) transient decay at 490 nm with first-order fit, k' 
= 1.1 χ 103 S ' 1 , 1.2 % absorption/division, 250 μ8Λϋνΐ5ΐοη and (b) corresponding 
growth of absorption at 430 nm with first-order fit, k' - 1.2 χ 103 s"1, 0.6 % 
absorption/division, 250 μβΛϋνίβίοη. 

 O
ct

ob
er

 2
4,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
an

ua
ry

 2
9,

 1
99

7 
| d

oi
: 1

0.
10

21
/b

k-
19

97
-0

66
0.

ch
01

9



19. GORMAN ET AL. Curcumin: A Puise Radiolysis Investigation 239 

order combination with itself, but by a much slower pseudo first-order process 
involving ambient scavengers. Inefficient reaction with oxygen might become more 
important in that situation. 

3 4 
The next question to be addressed at this stage was whether the location of 

radical formation would influence its ability to react with additive molecules expected to 
be good radical scavengers. The potential scavengers chosen were vitamin Ε (2), 
vitamin C (3) and the water-soluble model of the former, Trolox (4). In the event of 
efficient repair of the curcumin radical one would anticipate firstly a significant 
shortening of the latter's lifetime and a change to pseudo first-order decay, if the 
quencher concentration was significantly higher than that of the radical. Thus, the 
above experiments were repeated in the presence of 2.0 χ 10"5 mol H scavenger. In all 
of these experiments the scavenger will of course compete with curcumin for the azide 
radical. The consequence of this is formation of both the curcumin radical and the 
potential scavenger radical on microsecond timescales (cf. Figure 2a). The subsequent 
interactions can be monitored as a consequence of the fact that the absorption maximum 
of the curcumin radical (490 nm) is significantly shifted from those of vitamin C (~ 360 
nm) and vitamin Ε and Trolox (~ 430 nm). 

Scavenging of the Curcumin Radical Produced in C T A B Micelles. In the 
presence of vitamin Ε the curcumin radical decayed via clean second-order kinetics on a 
timescale identical to that of Figure 2c, i.e. in this situation vitamin E, which must be 
solubilised within the micelles, is unable to scavenge the curcumin radical. Since 
subsequent experiments demonstrate repair of the latter by vitamin E, these data clearly 
agree with the proposal that the curcumin in this particular microheterogeneous 
environment occupies an extramicellar location as the corresponding mono-anion. 
Strong support for this conclusion came from the finding that the water-soluble vitamin 
C and Trolox both quenched the curcumin radical efficiently as shown in Figures 3a and 
3b. The decay of the radical absorption followed clean first-order kinetics, 
corresponding to rate constants for reaction between the curcumin radical and the 
scavenger of 1.0 χ 10 8 1 mol"1 s - 1 for vitamin C and 4.3 χ 10 8 1 mol - 1 s - 1 for Trolox. 
Although the latter is somewhat more efficient as a scavenger, the experimental rate 
constants are too close to allow significant conclusions to be drawn. 

Scavenging of the Curcumin Radical in SDS and T X Micelles. In stark 
contrast to the situation for CTAB above, the curcumin radical produced in either SDS-
or TX-based micellar systems was efficiently quenched by vitamin Ε solubilised within 
the micelles as exemplified for T X in Figures 3c and 3d. These show the decay of the 
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240 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

400 500 nm 600 

Figure 4. Transient absorption spectra measured 5.2 μ5 (X), 12 μϊ (•), 25 μϊ 
(Δ) and 58 μ8 (V) after pulse radiolysis of a solution of curcumin (2.0 χ 10~5 mol 1" 
!) and sodium azide (2.0 χ 10-2 mol in N20-saturated pH 7 buffer. Insets: time 
dependence of (a) transient formation at 490 nm with first-order fit, k! = 7.2 χ 104 

s_1, 1.0 % absorption/division, 10 μ 8 Λ ϋ ν ΐ 5 ΐ ο η and (b) transient decay at 490 nm 
with second-order fit, 0.7 % absorption/division, 250 μ 5 ^ ΐ ν Ϊ 5 ΐ ο η . 
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19. GORMAN ET AL. Curcumin: A Puise Radiolysis Investigation 241 

curcumin radical at 490 nm and the corresponding growth of the vitamin Ε radical at 
430 nm on the same timescales. These data clearly indicate that the quenching of the 
curcumin radical by vitamin Ε does indeed involve repair and supports the earlier 
conclusion that in the SDS and TX systems the curcumin is solubilised within the 
hydrophobic region of the micelle. When these experiments were repeated in the 
presence of vitamin C (2.0 χ 10*5 mol H ) , the decay of the curcumin radical was only 
marginally faster than the blank and still largely second-order. In the presence of the 
same concentration of Trolox quenching occurred to an extent which made the decay 
predominantly first-order but the rate constant was an order of magnitude lower than in 
the CTAB-based system (vide supra). Clearly Trolox is more hydrocarbon-like than 
vitamin C and has a higher probability of accessing the hydrophobic regions. 

Formation of the Curcumin Radical in Water. It was possible to produce 2.0 χ 
ΙΟ - 5 mol H curcumin in water by dropping a solution in 0.1 M NaOH into a large 
excess of pH 7 buffer. That this was a real homogeneous solution, as opposed for 
instance to a microcrystalline dispersion, was clearly demonstrated by the spectrum 
which was essentially identical to that in other hydroxylic solvents such as ethanol and 
in particular the kinetics of its reaction with the azide radical, with and without addition 
of vitamin C and Trolox. Thus, pulse radiolysis of such a solution, N20-bubbled, 
containing sodium azide led to formation of the curcumin radical (Figure 4a) on 
timescales essentially identical to those for the CTAB-based micellar system for which 
curcumin is thought to be in the anionic form on the micellar surface. The spectral 
changes with time (Figure 4) were virtually identical to those for the micellar systems, 
particularly the SDS and TX systems where the curcumin is in the neutral form, and the 
radical decay was second-order as expected (Figure 4b). 

Scavenging of the Curcumin Radical in Water. Addition of either vitamin C or 
Trolox (2.0 χ K)"5 mol l - 1 in each case) led to efficient quenching of the curcumin 
radical. Rate constants for scavenging were 1.2 χ 108 1 mol"1 s"1 and 1.6 χ 1081 mol"1 

s -1 for vitamin C and Trolox respectively. The raw data are exemplified in the case of 
Trolox in Figure 5. Insets a and b show the decay of the curcumin radical at 490 nm 
and the growth of the Trolox radical at 430 nm respectively. These occur on the same 
timescales. Inset b shows the initial 'immediate' formation of the Trolox radical as a 
consequence of competition for the azide radical. The spectra in Figure 5 clearly show 
the loss of the curcumin radical at 490 nm with a concomitant increase in the intensity of 
the Trolox radical at 430 nm. An isosbestic point close to 450 nm is apparent. Again 
these data confirm that the scavenging involves repair of the curcumin radical. 

Conclusions. 

It is clear from the experiments described that the molecule curcumin can access both 
hydrophobic and hydrophilic environments of a microheterogeneous system. In 
addition, the corresponding radical is stable with respect to oxygen, at least on our 
experimental timescales, but can be repaired by both the natural antioxidants vitamins C 
and Ε in hydrophilic and hydrophobic environments respectively. It is currently our 
view that the combination of amphiphilic character and radical stability/repair behavior 
referred to is the key to the importance of curcumin as an anticarcinogenic agent. One 
can imagine a scenario where molecules of this type act as an interphasic shuttle for 
radical repair. 
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350 450 nm 550 

Figure 5. Transient absorption spectra measured 81 μ$ (X), 171 μϊ (•), 327 μ$ 
(Δ) and 576 μ$ (V) after pulse radiolysis of a solution of curcumin (2.0 χ 10"5 mol 
1_1), sodium azide (2.0 χ 10"2 mol 1_1) in N2U-saturated pH 7 buffer containing 
Trolox (2.0 χ 10-5 mol H) . Insets: time dependence of (a) transient decay at 490 nm 
with first-order fit, k' - 3.3 χ 103 s"1, 0.4 % absorption/division, 150 μβ/άΐνίβίοη 
and (b) corresponding growth of absorption at 430 nm with first-order fit, k' = 3.2 
χ 103 s_1, 0.4 % absorption/division, 150 μ§/άίνΪ5ίοη. 
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248 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Capsanthin—Continued 
induction time, 192,194-195 
kinetics, 195 
quenching mechanism, 195-197 

β-Carotene, antioxidative effect, 
188-197 

Cassumunin A , synthesis, 225,227/ 
Cetyl trimethylammonium bromide 

micelles, curcumin radical formation, 
238/,239 

Chemiluminescent nitrogen detection, 
pungent flavor profiles and components 
of spices, 98-111 

Chlorophyll-sensitized photooxidation 
of soybean oil and flavor compounds, 
188-197 

Cholesterol levels in blood, effect 
of curcumin, 203 

Chromatography with C L N D to analyze 
pungent flavor profiles and components 
of spices, 98-111 

Climate, role in commercial essential oil 
composition, 139-146 

Commercial essential oil composition 
variation factors 

adulteration, 153,155-159 
climate, 139-146 
experimental description, 138 
geographic origin, 139-146 
growth stage of harvested plant, 

149.151-152i.154/ 
infraspecific differences, 149-151r,154/ 
interspecific differences, 146-150 
processing parameter, 149,152-153,155r 

Component analyses of mixed spices 
accuracy, 171 
experimental procedure, 

161,165-166,167r 
methods, 160-161 
numerical analysis, 165 
similarity index, 162-164 
vector representation of spices, 

161-162 
Crocus sativus L. , See Saffron 
Cultivar, role in flavor intensity 

of onions, 43,45,47 

Curcuma domestica, anti-inflammatory 
antioxidants, 220 

Curcuma longa L . , See Curcumin 
Curcuma xanthorrhiza, anti-inflammatory 

antioxidants, 220,223/ 
Curcumin 
antioxidant properties, 6 
applications, 199 
biological activity, 234 
cholesterol levels in blood, 203 
description, 80-81 
experimental description, 200-202 
lipid level, 203-204 
lipid peroxidation, 204 
lymphoblastoid transformation, 

204-205 
macrophage, 204 
platelet aggregation, 203 
properties, 199 
radical formation, 234-242 
reaction mechanism as free radical 

scavenger, 81,82/ 
resonance stabilization of free radical, 

81,82/ 
structure, 234 

Curcumin analogues 
anti-inflammatory activities, 

226r,232 
antioxidant activities, 225,228-232 
synthesis, 225,228/ 

Curcumin radical in miceilar systems 
absorption spectra, 235,236/ 
experimental procedure, 235 
pulse radiolytic formation of radical, 

235,237/239 
radical formation in water, 240/241 
scavenging of radical 

in cetyl trimethylammonium bromide 
micelles, 238/239 

in sodium dodecyl sulfate and Triton 
X-100 micelles, 239,241 

in water, 241,242/ 
Curcuminoids, isolation and synthesis, 

219-232 
Curing, steps, 34 
Curlone, electron ionization-MS, 92/96 
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INDEX 249 

D 

Dihydrocapsaicin 
analysis using chromatography and 

chemiluminescent nitrogen detection, 
98-111 

structure, 98,100/ 
2,5-Dimethyl-4-hydroxy-3(2/ï)-furanone, 

role of capsanthin on chlorophyll-
sensitized photooxidation, 192,193/ 

Direct solvent extraction, saffron flavor 
characterization, 66-78 

Direct thermal extraction G C - M S 
to characterize components of 
turmeric, 80-96 

Dry steam system, bacterial reduction in 
spices, 9-10 

Ε 

Electron spin resonance spectroscopy 
evaluation of antioxidative activity 

of spices and extracts, 176-185 
evaluation of radical scavenging activity, 

179,182-184 
Electrospray-HPLC-MS, glucosinolate 

determination in mustard, 125-136 
Essential oils 

factors affecting composition variations, 
138-159 

role in flavor, 160 
See also Commercial essential oil 

composition variation factors 
Ethylene oxide gas procedure, bacterial 

reduction in spices, 8 
2-Ethylfuran, role of capsanthin on 

chlorophyll-sensitized photooxidation, 
192,193/ 

F 

Fats, sensitivity to photooxidation, 188 
Fenugreek 

aroma composition, 17-20 
experimental description, 13-16 
flavor components, 13-26 

Fenugreek—Continued 
formation of sotolone from precursors, 

22-26 
quantitation of sotolone, 21 
stereoisomeric characterization of 

sotolone, 20-21 
volatile constituents, 12 

Flavone, role in pharmaceutical effect of 
curcumin, 199-205 

Flavor compounds, role of capsanthin on 
chlorophyll-sensitized photooxidation, 
188-197 

Flavor distribution, role in flavor 
intensity of onions, 47 

Flavor of thermally processed Allium 
vegetables, contribution of 
nonvolatile sulfur-containing flavor 
precursor of Allium, 53-63 

G 

Garlic 
contribution of nonvolatile sulfur-

containing flavor precursors to 
flavor, 53-63 

pungent flavor profiles and components 
using chromatography and 
chemiluminescent nitrogen detection, 
106,108-109/ 

supercritical fluid extraction, 112-123 
Gas chromatography-chemiluminescent 

nitrogen detection, 102,103/ 
Gas chromatography-MS, saffron flavor 

characterization, 66-78 
Gas chromatography-olfactometry 
description, 5,67 
saffron flavor characterization, 66-78 

Geographic origin, role in commercial 
essential oil composition, 139-146 

Glucosinolate determination in mustard 
using HPLC-electrospray-MS 

accuracy, 135 
applications, 126 
experimental procedure, 126-128 
identification methods, 126 
nonvolatile compounds, 128 
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250 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Glucosinolate determination in mustard 
using HPLC-electrospray-MS— 
Continued 

progoitrin, 130,131/ 
sinalbin, 130,132/ 
sinapine, 133,135,136/ 
sinigrin, 133,134/ 

H 

High-performance liquid chromatography-
electrospray-MS, glucosinolate 
determination in mustard, 125-136 

Hybrid peppers, degrees of hotness, 98 
Hydrophilic environment, curcumin 

radical formation, 234-242 
Hydrophobic environment, curcumin 

radical formation, 234-242 
3- Hydroxy-4,5-dimethyl-2(5//)-furanone, 

See Sotolone 
4- Hydroxy-L-isoleucine 

formation of sotolone, 22 
structure, 13 

2-Hydroxy-4,4,6-trimethyl-2,5-cyclo-
hexadien-l-one, See Saffron 

Hyperhpidemia, curcumin effect, 199-205 

Immune function, effects of curcumin, 
199-205 

Induction time, capsanthin, 188-197 
Infraspecificity, role in commercial 

essential oil composition, 149-15It, 154/ 
Interspecificity, role in commercial 

essential oil composition, 146-150 
Iron-chelating activity, rosmarinic acid, 

213,216-217 
Irradiation, bacterial reduction in spices, 8-9 

L 

Lavandin cell culture(s) 
antioxidant activity related to rosmarinic 

acid content, 206-217 
occurrence of rosmarinic acid, 

207-208,210-211 

Lavandin cell culture(s)—Continued 
superoxide anion scavenging activity, 

211-212 
Lavandula χ intermedia, See Lavandin 

cell culture(s) 
Lipid(s), generation of compounds, 54-56 
Lipid level, effects of curcumin, 203-204 
Lipid peroxidation, effects of curcumin, 

199-205 
Lutein, antioxidative effect on 

photooxidation of 2-emylfuran, 188-197 
Lymphoblastoid transformation, effects 

of curcumin, 204-205 

M 

Macrophage, curcumin effect, 204 
5-Methylcysteine sulfoxide, identification 

of volatile compounds, 60i,63 
Miceilar systems, curcumin radical 

formation, 234-242 
Micropropagation, production of vanilla, 

35-37/ 
Mixed spices, component analyses, 

160-173 
Mass spectrometry-HPLC-electrospray, 

glucosinolate determination in 
mustard, 125-136 

Mustard, glucosinolate determination 
using HPLC-electrospray-MS, 125-136 

Ν 

Natural antioxidants, phenols, 219 
Nitrogen-containing compounds, source 

of pungent flavors in spices, 98 
Nonvolatile sulfur-containing flavor 

precursor of Allium, contribution to 
flavor of thermally processed Allium 
vegetables 

volatile compounds generated from 
thermal degradation or thermal 
interactions of alk(en)yl cysteine 
sulfoxides, 58-63 

volatile compounds generated from 
thermally treated blanched Allium 
vegetables, 54-58 
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INDEX 251 

Nordihydrocapsaicin, analysis using 
chromatography and chen^uminescent 
nitrogen detection, 98-111 

Ο 

Onion 
contribution of nonvolatile sulfur-

containing flavor precursors to 
flavor, 53-63 

factors affecting flavor intensity 
cultivar, 43,45,47 
environmental factors, 46/-50/ 
flavor distribution, 47 

flavor chemistry, 42-43,44/f 
pungent flavor profiles and components 

using chromatography and chemi­
luminescent nitrogen detection, 
106,108-109/ 

supercritical fluid extraction, 112-123 
Oxidation 
delay using antioxidants, 177,179 
free radical generation, 177,178/ 

Ρ 

Paprika, pungent flavor profiles and 
components using chromatography and 
chemiluminescent nitrogen detection, 
106,111/ 

Peppermint oils, composition variation 
factors, 138-159 

pH, role in sotolone formation, 25 
Phenolic compounds in plants, related 

to antioxidative activity, 176-179 
Photooxidation 

sensitivity of food constituents, 188 
soybean oil and flavor compounds, 

capsanthin effect, 188-197 
Photosensitized oxidation reaction, 189 
Piperine 
pungent flavor profiles and components 

using chromatography and chemi­
luminescent nitrogen detection, 
106,110/ 

structure, 98,100/ 

Platelet aggregation, effects of 
curcumin, 203 

Processing parameter, role in commercial 
essential oil composition, 
149,152-153,155* 

Progoitrin, determination in mustard 
using HPLC-electrospray-MS, 125-136 

S-(+)-cw-l-Propenylcysteine sulfoxide, 
identification of volatile compounds, 
62f,63 

5-Propylcysteine sulfoxide, 
identification of volatile compounds, 
61f,63 

Pulse radiolysis, curcumin radical 
formation in micellar systems, 
234-242 

Pungent flavor profiles and components 
of spices analyzed by chromatography 
and chemiluminescent nitrogen detection 

advantages, 102,103/ 
detection mechanism for nitrogen 

determination, 105-106 
experimental procedure, 102,105 
HPLC-chemiluminescent 

nitrogen detection 
garlic, 106,108-109/ 
onion, 106,108-109/ 
paprika oleoresin, 106,111/ 
piperine, 106,110/ 
red chili powder, 106,107/ 

linear response, 101 

Radical scavenging activity, evaluation 
using ESR spectroscopy, 179,182-184 

Ramp, supercritical fluid extraction, 
112-123 

Rancimat method, antiphotooxidative 
effect of carotenoids on induction time 
of soybean oil, 191-192,194-195 

Red chili powder, pungent flavor profiles 
and components using chromatography 
and chemiluminescent nitrogen detection, 
106,107/ 
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252 SPICES: FLAVOR CHEMISTRY AND ANTIOXIDANT PROPERTIES 

Rosmarinic acid 
iron-chelating activity, 213,216-217 
occurrence, 207-211 
structure, 207,208/ 
superoxide anion scavenging activity, 

213,214/,215f 

S 

Saffron, production, 66 
Saffron flavor characterization using 

aroma extract dilution analysis 
aroma-active components, 74-78 
detection of aroma-active component 

using GC-olfactometry, 67 
experimental procedure, 67-68 
volatile components, 68-74 

Safranal, role in flavor, 66-78 
Semivolatile components in powdered 

turmeric, characterization using direct 
thermal extraction G C - M S , 80-96 

Shallot, contribution of nonvolatile 
sulfur-containing flavor precursors to 
flavor, 53-63 

Sinalbin, determination in mustard using 
HPLC-electrospray-MS, 125-136 

Sinapine, determination in mustard using 
HPLC-electrospray-MS, 125-136 

Sinigrin, determination in mustard using 
HPLC-electrospray-MS, 125-136 

Sodium dodecyl sulfate micelles, 
curcumin radical formation, 239,241 

Sotolone, 12-26 
Soybean oil, role of capsanthin on 

chlorophyll-sensitized photooxidation, 
188-197 

Spearmint oils, composition variation 
factors, 138-159 

Spices 
antioxidative activity, 6,176-185,206 
bacterial reduction, 3-4,7-10 
component analyses, 160-173 
factors affecting consistency, 5-6 
research into active components, 5 
role of essential oils in favor, 160 

Sterilization techniques, development 
for bacterial reduction in spices, 7 

Sugars, generation of compounds, 
54-56 

Sulfate fertility, role in flavor 
intensity of onions, 46/47-49 

Supercritical carbon dioxide, extraction 
of Allium species, 113-123 

Supercritical fluid chromatography-
chemiluminescent nitrogen detection, 
102,104/ 

Supercritical fluid extraction 
Allium species 

conditions vs. organosulfur compound 
distribution, 120/121,122/ 

experimental procedure, 121,123 
extraction conditions, 115,116r 
garlic, 117-119/ 
onion, 117,121 
ramp, 117,119/ 

applications in food industry, 113 
entraîner, 113,115 
patents, 113,114r 
system components, 115 
use for analysis of spices, 5 

Superoxide anion scavenging activity 
lavandin cell culture extracts, 

211-212 
rosmarinic acid, 213,214/215r 

Synthetic antioxidants, 206 

Τ 

Thermospray, description, 81 
Trigonella foenum-graecum L. , See 

Fenugreek 
2,6,6-Trimethyl-1,3-cyclohexadiene-1 -

carboxaldehyde, See Safranal 
2,4,5-Trimethyloxazole, role of 

capsanthin on chlorophyll-sensitized 
photooxidation, 192,193/ 

Tropical Zingiberaceae plants possessing 
new anti-inflammatory antioxidants 

anti-inflammatory activity of isolated 
antioxidant, 225,226r 

Curcuma domestica, 220,222-223/ 
Curcuma xanthorrhiza, 220,223/ 
Zingiber cassumar, 220,224/ 
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INDEX 253 

Turmeric components characterized 
by direct thermal extraction G C - M S 

direct thermal extraction chromatogram, 
87,88/ 

electron ionization-MS for components, 
90-93,96 

experimental procedure, 84-87 
methods, 81,84 
semiquantitative values for volatile 

and semivolatile components, 
87,89i,96 

structures, 94-95/96 
thermospray L C - M S chromatogram, 

81,83/ 
ar-Turmerone, electron ionization-MS, 

90-91/96 
Triton X-100 micelles, curcumin radical 

formation, 239,241 

Vanilla 
agronomic production, 29-34,36 
biotechnology production, 34-39 
secondary products, 35,38-39/ 

Vanilla planifolia, See Vanilla 
Volatile components in powdered turmeric, 

characterization using direct thermal 
extraction G C - M S , 80-96 

W 

Welsh onion, contribution of nonvolatile 
sulfur-containing flavor precursors to 
flavor, 53-63 

Wet steam system, bacterial reduction in 
spices, 9 

Ζ 

Zingiber cassumunar 
anti-inflammatory antioxidants, 

220,224/ 
synthesis of cassumunin A , 225,227/ 

Zingiberaceae, members, 80 
Zingiberaceae plant(s), source of 

antioxidants, 219 
Zingiberaceae plant rhizomes, antioxidant 

activity, 219-220,221/ 
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