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Preface

Alternative sweeteners, both as a group and in some cases individually, are among
the most studied food ingredients. Controversy surrounding them dates back al-
most a century. Consumers are probably more aware of sweeteners than any other
category of food additive. The industry continues to develop new sweeteners,
each declared better than the alternatives preceding it and duplicative of the taste
of sugar, the gold standard for alternative sweeteners. In truth, no sweetener is
perfect—not even sugar. Combination use is often the best alternative.

While new developments in alternative sweeteners continue to abound,
their history remains fascinating. Saccharin and cyclamates, among the earliest
of the low-calorie sweeteners, have served as scientific test cases. They have
been used to ‘‘test the test.’’ For example, saccharin’s fate has rested on adverse
findings in second-generation rat studies. Only in the late 1990s did scientific
technology become sophisticated enough to understand these findings and dem-
onstrate conclusively that man is not a big rat. The International Agency for
Research on Cancer (IARC) and the U.S. National Toxicology Program (NTP)
now incorporate mechanistic data into their determinations, and saccharin was
the first substance to be evaluated on the basis of these new criteria by NTP, and
among the first for IARC.

The numerous sweetener developments throughout the 1990s have fa-
cilitated combination use. With the availability of numerous low-calorie and re-
duced-calorie sweeteners and improved technology, higher-quality products
can be produced, and in greater quantity. In some parts of the world, foods and
beverages are available that contain as many as three or more alternative sweeten-
ers. Regulatory authorities recognize the reduced caloric value of polyols, and
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iv Preface

these sweeteners are being used increasingly. Researchers have developed a
sweetener-sweetener salt in which aspartame and acesulfame are combined at
the molecular level. Petitions are pending in various countries for new sweet-
eners, such as neotame and D-tagatose.

This book provides the latest information on numerous alternative sweeten-
ers and their combination use. Some are currently approved and used in various
countries, some are expected to be available in the future, and some are presented
as a matter of scientific interest. All chapters that appeared in the second edition of
Alternative Sweeteners have been updated, and chapters on neotame, D-tagatose,
trehalose, erythritol, and the aspartame-acesulfame salt have been added. As in
the earlier editions, a chapter on fat replacers is also included. More and more
low-calorie foods are expected to contain not only sweetener combinations but
also sweeteners plus fat replacers. A concerted effort has been made to provide
the reader with comprehensive, current information on a wide variety of alterna-
tive sweeteners and substantial references for those who wish to learn more.

Lyn O’Brien Nabors
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1
Alternative Sweeteners:
An Overview

Lyn O’Brien Nabors
Calorie Control Council, Atlanta, Georgia

The use of low-calorie sugar-free products tripled in the final two decades of the
20th century. In the United States alone, more than 150 million people use these
products regularly. Even though hundreds of good-tasting low-calorie, sugar-free
products are now available, most light product consumers say they would like
to have additional low-calorie sugar-free products available. Of particular interest
are baked goods and desserts (1).

A number of events that occurred in the late 1990s are expected to facilitate
providing additional good-tasting, low-calorie, sugar-free products. The approval
of acesulfame potassium for soft drinks and aspartame and sucralose as general
purpose sweeteners in the United States and recognition by regulatory agencies
around the world that polyols have reduced caloric values compared with sucrose
are examples. (A general purpose sweetener may be used in accordance with
good manufacturing practices to sweeten any food when a standard of identity
does not preclude its use.) These events should expand the use of sweeteners
alone and in combination as well.

On the scientific front, after more than 100 years of use, scientists around
the world are publicly acknowledging that saccharin is safe for humans. For ex-
ample, in 1997, a special International Agency for Research on Cancer (IARC)
panel determined the bladder tumors in male rats resulting from the ingestion of
high doses of sodium saccharin are not relevant to man. And, in late 1998, IARC
downgraded saccharin from a Category 2B substance, possible carcinogenic to
humans, to Category 3, not classifiable as to its carcinogenicity to humans. Agents
for which the evidence of carcinogenicity is inadequate in humans but sufficient
in experimental animals may be placed in Group 3 when strong evidence exists
that the mechanism of carcinogenicity in experimental animals does not operate
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2 O’Brien Nabors

in humans. This is the first time IARC has considered mechanistic data, and the
IARC panel voted unanimously that saccharin could cause tumors in rats but that
this is not predictive of human cancer (2).

Unfortunately, not all events surrounding sweeteners have been positive.
Although some new technologies have provided a means of supporting the safety
of sweeteners, the Internet has made disseminating negative information without
accountability a new art form.

No adverse health effects related to aspartame have been confirmed, but
this has not stopped its critics. An extremely negative, inaccurate article making
absurd claims about aspartame began circulating on the Internet in late 1998. The
article asserts that aspartame is responsible for any number of ailments, without
supporting data and creating new challenges for industry. Fortunately, many of
the negative claims from this article and other antiaspartame fanatics are so ab-
surd that the sources are not considered credible by many.

I. THE IDEAL SWEETENER

The search for the perfect sweetener continues, but it has long been recognized
that the ideal sweetener does not exist. Even sucrose, the ‘‘gold standard,’’ is
not perfect and is unsuitable for some pharmaceuticals and chewing gums.

Alternative sweeteners (a) provide and expand food and beverage choices
to control caloric, carbohydrate, or specific sugar intake; (b) assist in weight main-
tenance or reduction; (c) aid in the management of diabetes; (d) assist in the
control of dental caries; (e) enhance the usability of pharmaceuticals and cosmet-
ics; (f ) provide sweetness in times of sugar shortage; and (g) assist in the cost-
effective use of limited resources.

The ideal sweetener should be at least as sweet as sucrose, colorless, odor-
less, and noncariogenic. It should have a clean, pleasant taste with immediate
onset without lingering. The more a sweetener tastes and functions like sucrose
the greater the consumer acceptability. If it can be processed much like sucrose
with existing equipment, the more desirable it is to industry.

The ideal sweetener should be water soluble and stable in both acidic and
basic conditions and over a wide range of temperatures. Length of stability and
consequently the shelf-life of the final product are also important. The final food
product should taste much like the traditional one. A sweetener must be compati-
ble with a wide range of food ingredients because sweetness is but one component
of complex flavor systems.

Safety is essential. The sweetener must be nontoxic and metabolized nor-
mally or excreted unchanged, and studies verifying its safety should be in the
public domain.

To be successful, a sweetener should be competitively priced with sucrose and
other comparable sweeteners. It should be easily produced, stored, and transported.
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II. RELATIVE SWEETNESS

Perceived sweetness is subjective and depends on or can be modified by a num-
ber of factors. The chemical and physical composition of the medium in which
the sweetener is dispersed has an impact on the taste and intensity. The concentra-
tion of the sweetener, the temperature at which the product is consumed, pH,
other ingredients in the product, and the sensitivity of the taster are all important.
Again, sucrose is the usual standard. Intensity of the sweetness of a given sub-
stance in relation to sucrose is made on a weight basis. Table 1 provides the
approximate relative sweetness of many of the alternative sweeteners discussed
in this book.

Table 1 Relative Sweetness of Alternatives to Sucrose

Approximate sweetness
(sucrose � 1)

Lactitol 0.4
Hydrogenated starch hydrolysates 0.4–0.9
Trehalose 0.45
Isomalt 0.45–0.65
Isomaltulose 0.48
Sorbitol 0.6
Erythritol 0.7
Mannitol 0.7
Maltitol 0.9
d-Tagatose 0.9
Xylitol 1.0
High fructose corn syrup, 55% 1.0
High fructose corn syrup, 90% 1.0
Crystalline fructose 1.2–1.7
Cyclamate 30
Glycyrrihizin 50–100
Aspartame 180
Acesulfame potassium 200
Saccharin 300
Stevioside 300
Sucralose 600
Hernandulcin 1000
Monellin 1500–2000
Neohesperidine dihydrochalcone 1800
Alitame 2000
Thaumatin 2000–3000
Neotame 8000
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III. THE MULTIPLE INGREDIENT APPROACH

The advantages of the multiple sweetener approach have long been known. A
variety of approved sweeteners are essential because no sweetener is perfect for
all uses. With several available, each sweetener can be used in the application(s)
for which it is best suited. Manufacturers also can overcome limitations of indi-
vidual sweeteners by using them in blends.

During the 1960s, cyclamate and saccharin were blended together in a vari-
ety of popular diet soft drinks and other products. This was really the first practi-
cal application of the multiple sweetener approach. The primary advantage of
this sweetener blend was that saccharin (300 times sweeter than sucrose) boosted
the sweetening power of cyclamate (30 times sweeter), whereas cyclamate
masked the aftertaste that some people associate with saccharin.

The two sweeteners when combined have a synergistic effect—that is the
sweetness of the combination is greater than the sum of the individual parts. This
is true for most sweetener blends. Cyclamate was the major factor in launching
the diet segment of the carbonated beverage industry. By the time it was banned
in the United States in 1970, the products and trademarks had been well estab-
lished. Such a large market for diet beverages provided a tremendous incentive
to develop new sweeteners.

After cyclamate was taken off the market in 1970, saccharin was the
only available low-calorie alternative to sugar available in the United States
for more than a decade. But now with the availability of acesulfame potassium,
aspartame, sucralose, and saccharin, the multiple sweetener approach is a visible
reality in the United States. Fountain soft drinks generally contain a combina-
tion of saccharin and aspartame and bottled drinks are available with combi-
nations of aspartame and acesulfame K, as well as sucralose and aspartame.
Triple blends, such as acesulfame potassium, aspartame, and saccharin and aspar-
tame, cyclamate, and acesulfame potassium are being used in some parts of the
world.

The polyols also are important adjuncts to sugar-free product development.
These sweeteners provide the bulk of sugar but are generally less sweet than
sucrose. The polyols, which are reduced in calories, combine well (e.g., they
are synergistic) with low-calorie sweeteners, resulting in good-tasting reduced-
calorie products that are similar to their traditional counterparts.

With the availability of fat replacers and low-calorie bulking agents (e.g.,
polydextrose), not just a multiple sweetener approach but a multiple ingredient
approach to calorie control is being used. In addition to the evidence that humans
have an innate desire for sweets (3), research indicates that the obese and those
who once were obese may have a greater preference than others for fatty liquids
mixed with sugar (4). Replacing the fat and the sugar is therefore important in
the development of products to assist in calorie control.
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IV. INTERNATIONAL REGULATORY GROUPS

Food ingredients are evaluated and/or regulated by numerous national and inter-
national bodies. International groups include the Joint Food and Agriculture
Organization/World Health Organization Expert Committee on Food Additives
(JECFA), the Codex Alimentarius Commission, and the Scientific Committee for
Food of the Commission of the European Union.

The objective of the joint Food and Agriculture Organization/World
Health Organization (FAO/WHO) program on food additives is to make sys-
tematic evaluations of food additives and provide advice to member states
of FAO and WHO on the control of additives and related health aspects. The
two groups responsible for implementing the program are JECFA and the
Committee on Food Additives of the Joint FAO/WHO Codex Alimentarius Com-
mission (5).

JECFA is made up of an international group of experts who serve without
remuneration in their personal capacities rather than as representatives of their
governments or other bodies. Members are selected primarily for their ability
and technical experience, with consideration given to adequate geographical dis-
tribution. Their reports contain the collective views of the group and do not neces-
sarily represent the decision or the stated policy of the WHO or FAO. The experts
convene to give advice on technical and scientific matters, establishing specifica-
tions for identity and purity for food additives, evaluating the toxicological data,
and recommending, where appropriate, acceptable daily intakes for humans. The
Expert Committee also acts in an advisory capacity for the Codex Committee on
Food Additives and Contaminants (5).

The Codex Alimentarius Commission was established in 1962 to implement
the Joint FAO/WHO Food Standards Program. Membership is made up of those
member nations and associate members of FAO and WHO that have notified the
Director-General of FAO or WHO of their wish to be members. The stated pur-
pose of the program is:

To protect the health of consumers and to ensure fair practices of the food-
trade; to promote coordination of all food standards work undertaken by in-
ternational governmental and non-governmental organizations; to determine
priorities and initiate and guide the preparation of draft standards through
and with the aid of appropriate organizations; to finalize standards and after
acceptance by governments publish them in a Codex Alimentarius either as
regional or worldwide standards.

The Codex Alimentarius is intended to guide and promote the elaboration
and establishment of definitions and requirements for foods, including food addi-
tives, to assist in their harmonization and, thereby, facilitate trade. The Codex
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Committee for Food Additives and Contaminants (CCFAC) is the body that deals
with food additives (6).

The World Trade Organization (WTO) encourages countries to harmonize
food standards on the basis of Codex standards and uses its decisions to settle
trade disputes. In addition, the WTO recognizes JECFA specifications for food
additives in international trade, increasing the importance of both Codex and
JECFA.

The Scientific Committee for Food (SCF) of the Commission of the Euro-
pean Union was established by the Commission in 1974. The Committee advises
the Commission ‘‘on any problem relating to the protection of the health and
safety of persons arising from the consumption of food, and in particular the
composition of food, processes which are liable to modify food, the use of food
additives and other processing aids as well as the presence of contaminants.’’
Committee members are independent persons qualified in medicine, nutrition,
toxicology, biology, chemistry, or other similar disciplines. Committee opinions
are submitted to the Commission (7).

The European Union has agreed to harmonize its member states’ laws on
food additives, including sweeteners. The Sweeteners Directive, adopted in 1994,
provides for the use of acesulfame K, aspartame, cyclamate, saccharin, thaumatin,
and neohesperidine DC, as well as sorbitol, sorbitol syrup, mannitol, isomalt,
maltitol, maltitol syrup, lactitol, and xylitol (8). This Directive is under review
and expected to be revised in 2001–2002.

The Committee on Food Chemicals Codex (FCC), a full committee of
the Food and Nutrition Board, Institute of Medicine, National Research
Council of the U.S. National Academy of Sciences, provides information on
the quality and purity of food-grade substances. Specifications and test meth-
ods are included in almost 1000 FCC monographs on substances that are
added to or come in contact with foods. The members of the Committee on
FCC are chosen for their special competencies and with regard to appropriate
balance.

Food Chemicals Codex is recognized internationally. FCC specifications
are cited, by reference, in the U.S. Code of Federal Regulations as the reference
for specifications to define specific safe ingredients. In Canada, FCC and its
supplements are officially recognized in the Canadian Food and Drug Regu-
lations as the reference for specifications for food additives. Under New Zealand
food regulations, a food additive is defined as being of appropriate quality ‘‘if
it complies with the monograph for that food additive (if any) in the current
edition of the Food Chemicals Codex published by the National Academy of
Sciences and the National Research Council of the United States of America
in Washington, D.C.’’ Similarly, the national food authority of Australia fre-
quently refers to the Food Chemicals Codex specifications to define food addi-
tives (9).
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V. U.S. REGULATION OF SWEETENERS

Food additives were first subjected to regulation in the United States under the
Food and Drug Act of 1906. Section 402(a)(1) of the Act states that a food shall
be deemed adulterated

if it bears or contains any poisonous or deleterious substance which may
render it injurious to health; but in case the substance is not an added sub-
stance, such food shall not be considered adulterated under this clause if the
quantity of such substance in such food does not ordinarily render it injurious
to health (10, p. 33).

‘‘Added’’ is not defined but is generally understood to mean a substance not
present in a food in its natural state. The intent of this section is to prohibit any
level of added food substance inconsistent with public health. The Federal Food,
Drug, and Cosmetic Act of 1938 contains food safety provisions similar to those
in the 1906 Act.

The basic Food, Drug, and Cosmetic Act was last updated in 1958. Section
201(s) defines a ‘‘food additive’’ as

any substance the intended use of which results or may reasonably be ex-
pected to result, directly or indirectly, in its becoming a component or other-
wise affecting the characteristics of any food (including any substance in-
tended for use in producing, manufacturing, packing, processing, preparing,
treating, packaging, transporting, or holding food; and including any source
of radiation intended for any such use) (10, p. 5).

Congress passed the Food Additives Amendment, Section 409 of the Food,
Drug, and Cosmetic Act, in 1958 as well. This amendment exempts two important
groups of substances from the food additive definition. Those exempted are
(a) substances generally recognized as safe (GRAS) among experts qualified by
scientific training and experience to evaluate safety, and (b) substances that either
the FDA or the U.S. Department of Agriculture (USDA) had sanctioned for use
in food before 1958 (so-called ‘‘prior sanction’’ substances). The amendment
does not pertain to pesticide chemicals in or on raw agricultural commodities.

The ‘‘Delaney Clause’’ is part of the 1958 Foods Additives Amendment.
The clause states that ‘‘no additive shall be deemed to be safe if it is found to
induce cancer when ingested by man or animal, or if it is found after tests which
are appropriate for the evaluation of the safety of food additives, to induce cancer
in man or animal’’ (10, p. 55). The Delaney Clause is often referred to but rarely
used. Debate often centers on the undefined phrases ‘‘induce cancer’’ and ‘‘tests
which are appropriate.’’

The 1958 Food Additives Amendment forbids the use of any food additive
not approved by the FDA, and the agency may only approve additives shown to
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be ‘‘safe.’’ Section 409 of the Act outlines the requirements for requesting ap-
proval for a food additive (i.e., ‘‘Petition to establish safety’’) and details the
action to be taken by the FDA in dealing with such a petition.

A petitioner, requesting the issuance of a food additive regulation, must
provide, in addition to any explanatory or supporting data:

(2)(A) the name and all pertinent information concerning such food additive,
including, where available, its chemical identity and composition; (B) a state-
ment of the conditions of proposed use of such additive, including all direc-
tions, recommendations, and suggestions proposed for the use of such addi-
tive, and including samples of its proposed labeling; (C) all relevant data
bearing on the physical or other technical effect such additive is intended to
produce, and the quantity of the additive required to produce such effect;
(D) a description of practicable methods of determining the quantity of such
additive in or on food, and any substance formed in or on food, because of
its use; and (E) full reports of investigations made with respect to the safety
of such additive including full information as to the methods and controls
used in conducting such investigations (10, p. 54).

The Federal Food, Drug, and Cosmetic Act does not describe the safety
investigations to be conducted on the proposed food additive. The FDA, there-
fore, issued a document entitled ‘‘Toxicological Principles for the Safety Assess-
ment of Direct Food Additives and Color Additives Used in Food’’ (referred to
as the ‘‘Redbook’’) in 1982 (11).

Redbook II was issued in 1993 and is intended to provide guidance on
criteria used for the safety assessment of direct food additives and color additives
used in food and to assist petitioners in developing and submitting toxicological
safety data for FDA review. Although the Redbook is not legally binding and
FDA states that a petitioner may follow the guidelines and protocols in Redbook
II or choose to use alternative procedures, the agency notes that alternative proce-
dures should be discussed informally with the agency ‘‘to prevent expenditure
of money and effort on activities that may later be determined to be unacceptable
to the FDA’’ (12).

The cost in both time and money for the approval of a new food additive
is almost prohibitive, resulting in an increased number of GRAS applications.
General recognition of safety (i.e., a GRAS determination), as noted previously,
must reflect the views of experts qualified by scientific training and experience
to evaluate the safety of substances directly or indirectly added to food. Those
expert views must be based on ‘‘scientific procedures,’’ supplemented in the case
of substances used in food before 1958 by experience based on common use in
food. The term ‘‘safe’’ means that there is reasonable certainty in the minds of
competent scientists that a substance is not harmful under intended conditions
of use.
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General recognition of safety based on scientific procedures calls for the
same quantity and quality of scientific evidence as would be required to obtain
a food additive regulation for a substance. Scientific procedures include human,
animal, analytical, and other studies whether published or unpublished, appro-
priate to establish the safety of a substance. General recognition of safety through
scientific procedures ordinarily must be based on published studies, although
those studies can be bolstered by unpublished evidence.

Common use means a substantial history of consumption by a significant
number of people before January 1, 1958. General recognition of safety through
experience based on common use in food should be based on generally available
data (usually published data) and information and can include well-documented
use in foreign countries.

Any interested person may make a determination that a substance is GRAS
for a particular use(s) (i.e., GRAS self-determination) as outlined previously.
Current regulations acknowledge that current GRAS lists do not include all
GRAS substances and are not expected to include pre-1958 natural, nutritional
substances. The regulations do invite any interested party to petition FDA to
affirm that a substance is GRAS (13).

A determination of GRAS, with or without a petition to FDA, does not
require FDA action. If a petition is submitted requesting GRAS affirmation, once
the petition is accepted for filing, the substance may be legally used for the peti-
tioned uses while awaiting FDA affirmation.

In April of 1997, FDA proposed a replacement for the system under which
manufacturers may get affirmation from FDA that a food substance is generally
recognized as safe (GRAS) (14). Under this ‘‘GRAS notification system,’’ manu-
facturers may still make a self-determined GRAS declaration, claiming exemp-
tion from the premarket or food additive approval requirements. Instead of
petitioning FDA for affirmation, manufacturers notify FDA of their GRAS
determination and provide evidence supporting their decision. After evaluating
the notification, FDA is to respond to the manufacturer, conveying the agency’s
disposition within 90 days. A response that does not identify a problem is not
equivalent to an affirmation of GRAS status. The proposal allows for a notifica-
tion to be revisited if new information indicates a reason for concern.

The notification procedure is designed to inform FDA of GRAS actions
without the need for rulemaking. Under the proposal, any GRAS affirmation
petition pending when the notification rule is finalized would be converted or
dropped from review. Because the substantive requirements of an acceptable
GRAS notification differ from those for a GRAS affirmation petition, any pending
petition would have to be amended. For example, a GRAS exemption claim,
signed by the notifiee, and explicitly accepting full responsibility for the GRAS
determination, would be necessary. In lieu of this, the GRAS affirmation peti-
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tioner could petition for food additive approval, cross-referencing information in
the GRAS petition, or submit a complete GRAS notification.

In notifying FDA of their GRAS determination, manufacturers must pro-
vide evidence supporting their decisions. Such data include generally available
and accepted scientific data, information, methods, or principles. Under certain
circumstances other scientific data, as well as analytical methods, methods of
manufacture and/or accepted scientific principles could be relied on as part of
the technical information. FDA notes that the quantity and quality of scientific
evidence required to demonstrate the safety may vary depending on the estimated
dietary exposure and the chemical, physical, and physiological properties of the
substance. The notice summary must consider the totality of the publicly available
information and evidence about the safety of the substance for its intended use,
including favorable and potentially unfavorable information.

Although the proposed procedure facilitates a prompt response to self-
GRAS affirmations, FDA is not required to provide its affirmation. FDA would
affirm GRAS status only when the agency of its own volition wants to so affirm
a substance.

Until the GRAS notification proposal is finalized, FDA has invited inter-
ested parties to use the proposed GRAS notification procedure. This invitation
includes those who wish to convert pending GRAS affirmation petitions to GRAS
notification. FDA will acknowledge receipt and make a ‘‘Good Faith’’ effort to
meet the 90-day time frame but is not required to do so. As of December 2000,
more than 30 GRAS notifications have been reviewed and so acted on by the
agency.

Both the new and old procedures of GRAS self-affirmation allow ingredi-
ents to be used in the U.S. food supply without a published FDA GRAS or food
additive regulation.

VI. ACCEPTABLE DAILY INTAKE

As part of the evaluation of a food additive, many regulatory bodies establish an
acceptable daily intake (ADI) level. The ADI ‘‘for man, expressed on a body
weight basis, is the amount of a food additive that can be taken daily in the diet,
even over a lifetime, without risk’’ (5). The ADI may be used as a benchmark
to evaluate the actual intake of a substance and as an aid in reviewing possible
additional uses for a food ingredient. The ADI is expressed in milligrams per
kilogram of body weight.

The ADI is a conservative estimate that incorporates a considerable safety
factor. It is established from toxicological testing in animals, and sometimes hu-
mans, and is usually estimated by applying an intentionally conservative safe
factor (generally a 100-fold safety factor). Animal tests are used to determine



Overview 11

the maximum dietary level of an additive demonstrating no toxic effects, a ‘‘no
observable effect level’’ or NOEL. The NOEL is then used to determine the ADI.
For example, if safety evaluation studies of a given substance demonstrate a
NOEL of 1000 mg/kg, using a 100-fold safety factor the ADI would be 10 mg/
kg body weight per day for humans.

The ADI does not represent a maximum allowable daily intake level. It
should not be regarded as a specific point at which safety ends and possible health
concerns begin. In fact, the U.S. FDA has said it is not concerned that consump-
tion occasionally may exceed the ADI. The agency has stressed that because the
ADI has a built-in safety margin and is based on a chronic lifetime exposure,
occasional consumption in amounts greater than the ADI ‘‘would not cause ad-
verse effects’’ (15).

VII. CONCLUSION

Low-calorie products are in demand and consequently so are the ingredients that
make them possible. With recent approvals more and more good-tasting products
will become available. In the near future, additional products that are reduced in
fat and calories, incorporating both fat replacers and low-calorie and reduced-
calorie sweeteners are expected. With the increase in obesity in many parts of
the world and as consumers become increasingly aware that ‘‘calories still
count,’’ the number of successful light products should soar.
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I. INTRODUCTION

Clauss and Jensen (1) in 1967 incidentally discovered a sweet-tasting compound,
5,6-dimethyl-1,2,3-oxathiazin-4(3H)-one 2,2-dioxide, having a new ring system
that had not been previously synthesized. Systematic research on dihydrooxa-
thiazinone dioxides revealed quite a number of sweet-tasting compounds in this
group of substances. Variations of substituents in positions 5 and 6 of the ring
system showed noticeable influence on the intensity and purity of the sweetness.
All synthesized dihydrooxathiazinone dioxides, however, exhibited some sweet-
ness, even the ring system without substituents. The maximum sweetness was
found in compounds with short-chain alkyl groups.

Sensory evaluations of the different dihydrooxathiazinone dioxides showed
that the substitutions on the ring system not only influenced the intensity but also
the purity of the sweetness (Fig. 1).

In addition to variations of substituents on the dihydrooxathiazinone diox-
ide ring system, structurally similar compounds were synthesized to investigate
whether variations within the ring system would influence the sweet taste. These
evaluations did not reveal any new sweet-tasting compounds; even methylation
on the nitrogen in the ring furnishes a compound without sweetness (Fig. 2). An
evaluation of the different compounds clearly demonstrated that 6-methyl-1,2,3-
oxathiazine-4(3H)-one 2,2-dioxide exhibited the most favorable taste properties.
Because production of this compound seemed to be less difficult than that of

13
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Figure 1 Dihydrooxathiazinone dioxides with different substituents and sweetness in-
tensities of their sodium salts compared with a 4% sucrose solution [tentatively measured
by Clauss and Jensen (1)].

other dihydrooxathiazinone dioxides, it was chosen for systematic evaluation of
its suitability as an intense sweetener for use in foods and beverages (Fig. 3).

In 1978, the World Health Organization registered acesulfame potassium
salt as the generic name for this compound. This is often abbreviated to acesul-
fame K.

Figure 2 Heterocyclic compounds without sweet taste.
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Figure 3 Acesulfame K.

II. SYNTHESIS

Dihydrooxathiazinone dioxides basically can be synthesized from different raw
materials using different production routes.

Suitable starting materials are ketones, β-diketones, derivatives of β-
oxocarbonic acids, and alkynes that may be reacted with halogen sulfonyl iso-
cyanates. The compounds formed from such reactions are transformed into N-
halogen sulfonyl acetoacetic acid amide. In the presence of potassium hydroxide,
this compound cyclizes to the dihydrooxathiazinone dioxide ring system by sepa-
rating out the corresponding potassium salts. Because dihydrooxathiazinone diox-
ides are highly acidic compounds, salts of the ring system are formed. The pro-
duction of acesulfame potassium salt requires KOH; however, NaOH or Ca(OH)2

can also be used (1–4).
Acetoacetamide-N-sulfonic acid is another suitable starting material. In

the presence of sulfur trioxide this compound cyclizes to form the dihydrooxathi-
azinone dioxide ring system, which may be reacted with KOH to yield acesulfame
potassium salt. Again, the production of other salts than the potassium salt seems
basically possible (5).

Continuous production of acesulfame K is possible using this route of syn-
thesis. This allows large-scale production.

Table 1 Solubilities of Acesulfame K (2)

Temperature g/100 ml
Solvent (°C) solvent

Water 0 15
Water 20 27
Water 100 ca. 130
Ethanol 20 0.1
Glacial acetic acid 20 13
Dimethyl sulfoxide 20 30
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III. PROPERTIES

Acesulfame K is a white, crystalline powder. The crystals are monoclinic, of the
P 21/c order. X-ray diffraction demonstrated that the ring system is almost plane,
whereas the distances between the single atoms are less than those calculated
from the theoretical values. The specific gravity of acesulfame K is 1.83 g/cm3

(6).
The shelf-life of pure solid acesulfame K seems to be almost unlimited at

room temperature. Samples kept at room temperature for more than 6 years and
either exposed to light or protected from it did not show any signs of decomposi-
tion or differences in analytical data compared with freshly produced material
(4).

Acesulfame K does not show a definitive melting point. When the product
is heated under conditions used for melting point conditions, decomposition is
normally observed at temperatures well above 200°C. The decomposition limit
seems to depend on the heating rate. No decomposition of acesulfame K has
been observed under conditions of temperature exposure normally found for food
additives. In contrast to acesulfame K, acesulfame acid has a sharp and definitive
melting point at 123°C (2).

Even at room temperature, acesulfame K dissolves readily in water. The
solubility at 20°C is about 270 g/l water. With rising temperatures, the solubility
increases sharply to more than 1000 g/l at 100°C. In alcohols, however, acesul-
fame K is much less soluble. At 20°C, only about 1 g/l dissolves in anhydrous
ethanol. In mixtures of alcohol and water, the solubility increases with rising
water content. In 50% ethanol (v/v), about 100 g/l can be dissolved (2). Aqueous
solutions of acesulfame K are almost neutral (See Table 1).

In view of the temperature/solubility ratio of acesulfame K solutions in
water, the product can be easily purified by recrystallization. High-purity acesul-
fame K can thus be produced on a technical scale while meeting the purity re-
quirements for food additives.

A. Sensory Properties

Acesulfame K exhibits about 200 times the sweetness of a 3% sucrose solution,
although sometimes slightly higher values have been reported (7). The sweetness
intensity depends on the concentrations of the sucrose solution to which it is
compared. At the threshold level, the intensity is much greater and decreases
with increasing sucrose concentrations to values from 130 to 100 times the su-
crose value (Fig. 4). Normally, acesulfame K can be considered to be about half
as sweet as sodium saccharin, similarly sweet as aspartame, and four to five
times sweeter than sodium cyclamate. In acid foods and beverages with the same
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Figure 4 Sweetness intensity of acesulfame K in aqueous solution.

concentrations, a slightly greater sweetness may be perceived compared with
neutral solutions.

The sweet taste of acesulfame K is perceived quickly and without unpleas-
ant delay. Compared with other intense sweeteners (aspartame, alitame), acesul-
fame K has a faster sweetness onset (8). The sweet taste is not lingering and
does not persist longer than the intrinsic taste of foods. In aqueous solutions with
high concentrations of acesulfame K, a bitter taste can sometimes be detected
(9). In foodstuffs with lower concentrations of acesulfame K, this effect is not
of great importance. As for all intense sweeteners, however, assessments of dif-
ferent taste characteristics depend on the product in which the sweeteners are
used (9). It was further observed that the sweetness of acesulfame K solutions
does not decrease with rising temperatures to the extent of other intense sweeten-
ers (10).

A strong synergistic taste enhancement was noted in mixtures of acesul-
fame K and aspartame or sodium cyclamate, whereas only slight taste enhance-
ment was perceived in mixtures of acesulfame K and saccharin (11–13). Acesul-
fame and aspartame both taste approximately or even less than 100 times sweeter
than a sucrose solution containing 100 g/l (9). A blend of both sweeteners, how-
ever, tastes more than 300 times sweeter than the same sucrose solution. This
effect apparently cannot be explained from the individual sweetness intensity
curves and should therefore be attributable to synergism (14). Although strongest
taste enhancement was found in 1:1 (w/w) blends, pronounced synergism was
observed for other blend ratios also. Acesulfame K exhibits synergism when com-
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bined with many of the other intense or nutritive sweeteners, including sucralose,
high-fructose corn syrup, alitame, thaumatin, and fructose (15).

Although acesulfame K can be used as an intense sweetener by itself and
does not show particular taste problems when used in appropriate concentrations,
mixtures with other sweetening agents are of high practical interest (16–19).
Studies showed that, in particular, mixtures of acesulfame with various other
intense sweeteners had especially desirable sensory properties. This qualitative
improvement of taste seems to be caused by an addition of the time-intensity
profiles of the individual sweeteners. Thus, combinations balance the charac-
teristics of the sweeteners used in such blends (20). Favorably viewed were
mixtures of acesulfame K and aspartame (ca. 1:1 by weight), acesulfame K
and sodium cyclamate (ca. 1:5 by weight), and sometimes other mixtures, in
which both sweetening agents almost equally contributed to the sweetness of
the mixture. When comparing single and mixtures of intense sweeteners to
sucrose, mixtures of sweeteners containing acesulfame K are found to be closer
in taste to sucrose than single sweeteners (18). In particular, acesulfame K/
aspartame and acesulfame K/aspartame/saccharin/cyclamate mixtures are not
different from sucrose for taste attributes known to cause differences among
sweeteners (sweet or bitter side tastes or aftertastes). The lingering sweetness of
aspartame and sucralose was substantially reduced when blending either of the
sweeteners with acesulfame K (18). In addition, blends of acesulfame K and
fructose are found to be not different from sucrose in sweetened beverages (20).
Blending acesulfame K with other intense or bulk sweeteners can help maximize
the flavor profile of a food or beverage because the sweetener blend tastes more
like sucrose.

Favorable taste reports were given for mixtures of acesulfame K with sugar
alcohols or sugars. Mixtures of acesulfame K with sugar alcohols have a full and
well-balanced sweetness. Therefore, these mixtures are particularly suitable for
sugarless confectionery, fruit preparations, and other foods that require a bulking
agent. The rounding effect seems attributable to the fast onset of acesulfame’s
sweetness. When acesulfame K is combined with bulk sweeteners (e.g., maltitol),
the mixture provides a taste profile closer to sugar because nonsweet tastes and
aftertastes versus sucrose are significantly reduced (19). Suitable blend ratios of
acesulfame K with bulk sweeteners are approximately 1:100 in a mixture with
xylitol, 1:150 in a mixture with maltitol, 1:150–200 in a mixture with sorbitol,
and 1:250 in a mixture with isomalt (21).

B. Toxicology

Because toxicological evaluations of intense sweeteners are of crucial importance
for approval and subsequent use, a full range of toxicological studies was carried
out with acesulfame K.
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The acute oral toxicity of acesulfame K is so low that it can be regarded
as practically nontoxic. The LD50 was orally determined at 6.9–8.0 g/kg body
weight. The intraperitoneal LD50 is 2.2 g/kg body weight (22). Subchronic toxic
effects were investigated in a 90-day study with rats. The animals were fed con-
centrations from 0–10% acesulfame K in the diet. Potential carcinogenicity and
chronic toxicity were studied in rats that were fed up to 3% acesulfame K in the
diet. A carcinogenicity study was conducted in mice fed with concentrations up
to 3% acesulfame K. In addition, chronic toxicity effects of acesulfame K were
studied in beagle dogs for 2 years (22).

No mutagenicity was found in various respective studies. Among such stud-
ies, there were a dominant lethal test; a micronucleus test; bone marrow investiga-
tions in hamsters; tests for malignant transformation, DNA binding, and others
(22).

In reproduction studies with rats fed acesulfame K, no deviation was seen
in fertility, the number of young animals per litter, body weight, growth, or mor-
tality (22).

The toxicological studies on acesulfame K demonstrated that the compound
would be safe for use as an intense sweetener. This view was confirmed by the
Joint Expert Committee on Food Additives of the FAO and WHO, according
to which the data showed that acesulfame K did not exhibit mutagenicity or
carcinogenicity. Therefore, an acceptable daily intake (ADI) of 0–9 mg/kg of
body weight was allocated, which was later increased to 0–15 mg/kg (23). The
Scientific Committee for Foods of the EU published an assessment stating that
long-term studies did not show any dose-related increase in specific tumors nor
any treatment-related pathological changes of significance. Therefore, an accept-
able daily intake of 0–9 mg/kg of body weight was allocated (24). On the basis
of a detailed evaluation of the available animal studies, the Food and Drug Ad-
ministration in the United States also allocated an acceptable daily intake of up
to 15 mg/kg of body weight (25).

C. Metabolism and Physiological Characteristics

Acesulfame K is not metabolized by the human body. To investigate possible
metabolic transformations, 14C-labeled acesulfame K was used. Studies were car-
ried out in rats, dogs, and pigs. Because animal studies did not show any metabo-
lism, human volunteers were also given labeled acesulfame K. The different ani-
mal species, as well as the human volunteers, excreted the original compound.
No activity attributable to metabolites was found.

Because acesulfame K is excreted completely unmetabolized, it does not
have any caloric value.

In conjunction with the metabolic studies, the pharmacokinetics of acesul-
fame K were also investigated. These studies were carried out with rats, dogs,
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pigs, and later with human volunteers. All animal species, as well as humans,
quickly absorbed acesulfame K, but there was rapid excretion of the compound,
mainly in the urine. A multiple-dose study showed no accumulation in tissues
(22). Serum determination of acesulfame K can be carried out by high-perfor-
mance liquid chromatographic (HPLC) analysis (26). No activity attributable to
metabolites was found. After prolonged exposure to acesulfame K, animals did
not show any sign of induced metabolism. Again, after administration of 14C-
labeled acesulfame K, only the original substance was found in the excreta (22).

Acesulfame K is not metabolized by bacteria. This applies, too, for Strepto-
coccus mutans and other microorganisms that may contribute to the formation
of caries. Acesulfame K was tested in several studies. Although an inhibition of
dental plaque microorganisms or S. mutans was not always reported, in other test
systems a clear inhibition was demonstrated (27–29). Synergism in the inhibition
of bacteria was observed in mixtures of intense sweeteners (30) or mixtures of
acesulfame K, saccharin, and fluoride (31). In all studies, however, the concentra-
tions necessary for an inhibitory effect were well above the concentrations used
for customary sweetness levels.

D. Stability and Reactions in Foods

Long-term and heat stability are important factors for the use of intense sweeten-
ers in many food products and in beverages. In this regard, various conditions
have to be met. In foods and beverages, pH levels vary from neutral to the acid
range and may, in extreme cases like certain soft drinks, go down to values around
and even less than 3. In this wide pH range, even after prolonged storage, no
decrease of sweetness intensity is detected.

In aqueous media, acesulfame K is distinguished by very good stability.
After several months of storage at room temperature, virtually no change in aces-
ulfame K concentration was found in the pH range common for beverages. Pro-
longed continuous exposure to 30°C, conditions that will hardly be found in prac-
tice, does not cause losses exceeding 10%, the threshold for recognition of
sweetness differences (7). Even at temperatures of 40°C, the threshold for detec-
tion of sweetness differences is exceeded after several months only for products
having pH 3.0 or less (32).

Extensive studies were performed with buffered aqueous solutions. Results
for pH levels and storage conditions commonly found for soft drinks are given
in Table 2. After 10 years’ storage of a solution buffered to pH 7.5 at room
temperature, no significant loss of acesulfame K was detected.

Acesulfame K-containing beverages can be pasteurized under normal pas-
teurization conditions without loss of sweetness. Pasteurizing for longer periods
at lower temperatures is possible, as is short-term pasteurization for a few seconds
at high temperatures. Sterilization is possible without losses under the normal
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Table 2 Stability of Acesulfame K in Buffered
Aqueous Solution

20°C
Storage time pH 3.0 pH 3.5
(weeks) recovery (%) recovery (%)

16 98 98
30 98 99
50 98 99

100 95 98

30°C
Storage time pH 3.0 pH 3.5
(weeks) recovery (%) recovery (%)
16 97 100
30 95 97
50 91 96

conditions (i.e., temperatures around 100°C for products having lower pH levels
and 121°C for products around and greater than 4). In a solution of pH 4.0, which
was heated to 120°C for 1 h, no loss of acesulfame could be measured. Half-life
values determined at 100°C demonstrate that the common treatments of foods
and beverages should not cause any substantial decomposition of acesulfame K
(33).

In baking studies, no indication of decomposition of acesulfame K was
found even when biscuits with a low water content were baked at high oven
temperatures for short periods. This corresponds to the observation that acesul-
fame K decomposes at temperatures well above 200°C.

Potential decomposition products of acesulfame K can, therefore, be found
only under extreme conditions. Under such conditions, compounds of hydrolytic
decomposition are mainly acetone, CO2, ammonium salts, sulfate, and amidosul-
fonate. In the hydrolytic decomposition, the ring system is initially opened, which
quickly yields the end products of hydrolysis. Only occasionally and then in very
acidic media can traces of derivatives of acetoacetic acid be detected (3).

IV. APPLICATIONS

Acesulfame K can be used as a sweetening agent in a wide range of products, for
instance in low-calorie products, diabetic foods, sugarless products, oral hygiene
preparations, pharmaceuticals, and animal feeds. The product groups acesulfame
K has been used in are shown in Table 3.
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Table 3 Present Applications of Acesulfame K

Tabletop sweetener Cookies
Carbonated soft drinks Jams
Noncarbonated soft drinks Fruit purees
Squashes and dilutables Hard candy
Fruit nectars Soft candy
Powdered beverages Gum confections
Instant tea Chocolate confections
Cider Marzipan
Flavored milk Chewing gum
Cocoa Pickled vegetables
Yogurt Marinated fish
Flavored whey Tobacco
Desserts Mouthwashes
Rice pudding Toothpaste
Ice cream Drugs
Slimming diets Feedstuffs
Cake

Acesulfame K is suitable for low-calorie and diet beverages because of its
good stability in aqueous solutions even at low pH typical of diet soft drinks. If
used by itself, acesulfame K can impart sweetness comparable to 8–10% sucrose,
but mixtures of acesulfame K with other intense sweeteners are more predomi-
nantly used because of the sucroselike taste these blends provide. In countries
where mixtures of intense sweeteners with other sweetening agents are permitted,
mixtures of acesulfame K with fructose, glucose, high-fructose corn syrup, or
sucrose can be used. Generally, beverages containing such mixtures of acesul-
fame K with bulk sweeteners are rated to be fuller bodied because of the slightly
higher viscosity and the different taste profiles of sugars and acesulfame K. A
substantial number of low-calorie beverages, however, are sweetened with mix-
tures of acesulfame K and aspartame or other intense sweeteners. These bever-
ages benefit from the synergism and the improved taste characteristics provided
by such blends. For example, a sweetness level equivalent to approximately 10%
of sucrose is imparted by concentrations in a range of 500–600 mg/l of acesul-
fame K or aspartame, whereas the same sweetness level can be achieved by using
a blend of only 160 mg/l of each of the sweeteners. Blend ratios between acesul-
fame and aspartame, in particular, are different in beverages having different
flavors to match flavor and sweetness profiles (25). Of particular importance in
beverages is sweetener stability, and acesulfame K’s stability at lower pH in-
creases sweetness retention in beverages versus sweeteners that have less stability
(e.g., aspartame). In sensory testing, acesulfame K/aspartame–sweetened colas
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were preferred over aspartame-sweetened colas throughout an 18-week storage
period (34). Because the cola with the sweetener blend exhibited greater sweet-
ness retention as a result of the stability of acesulfame, the preference was attrib-
uted to this.

When blending acesulfame K with other intense sweeteners for beverage
applications, the blend ratio may depend on different factors, including the flavor
or flavor type. Blends of acesulfame K and aspartame (40:60) in orange-flavored
beverages have been noted to have time intensity curves of sweetness and fruiti-
ness similar to sucrose-sweetened beverages (35). In raspberry-flavored bever-
ages containing natural flavors, 40/60 to 25/75 (acesulfame K/aspartame) blend
ratios are considered optimum, whereas beverages with artificial raspberry flavors
were considered optimum with blend ratios of 50/50 to 20/80 (36). Optimum
taste profiles when using intense sweeteners are considered to have high fruit
flavor and minimum side tastes or aftertastes, and sweetener mixtures containing
acesulfame K exhibit these properties (18). When only single sweeteners are substi-
tuted for sucrose in beverages, flavor problems are encountered, and it has been
noted that mixtures of sweeteners can minimize these flavor problems (37). Most
notable are mixtures including acesulfame K, which produce taste profiles similar
to sucrose (18). Optimum blend ratios complement the taste profile of the specific
flavor of beverage and are best determined by sensory testing various blends.

Emerging trends in beverages include replacement of sugar in fully sugared
beverages with intense sweeteners like acesulfame K. In regions of the world
where sugar is expensive or has inconsistent quality, intense sweeteners are used
in combination with sucrose to sweeten many different beverages. Stability in
warm climates for longer storage conditions and stability at low pH are necessary
for sweeteners that can replace sugar. Acesulfame K exhibits excellent properties
for use in this type of application.

Producing jams and marmalades with intense sweeteners only is difficult.
Bulking agents are important to improve the texture and shelf-life of such prod-
ucts. In trials for the production of jams with acesulfame K, highly acceptable
preparations were prepared with sorbitol as bulking material. Other sugar alco-
hols and polydextrose proved to be suitable, too. In combinations with acesulfame
K, the concentration of sorbitol or other bulking agents can be reduced, yielding
products with a noticeable reduction in caloric values compared with to sucrose-
containing products. These jams and marmalades are less protected from micro-
bial spoilage compared with sucrose-containing products. In view of the low
concentration of osmotically active compounds, the addition of preservatives can
help to avoid such microbial spoilage. The flavor stability of jams and marma-
lades containing low levels of dry solids, however, is normally lower than the
storage stability of standard products (20).

Confectionery items can be made with acesulfame K if suitable bulking
ingredients or bulk sweeteners are added to give the necessary volume. Because
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the sweetness intensity of most sugar alcohols and bulking ingredients is lower
than the sweetness of sucrose, acesulfame K imparts the desired sweetness,
whereas sugar alcohols or low-calorie bulking ingredients provide the necessary
bulk and texture. Combinations of acesulfame K with sorbitol can have a good
taste pattern. Gum confections containing sorbitol instead of sucrose, and, in
addition, 1000 mg/kg acesulfame K were produced without difficulties. They
showed a good, fruity sweet taste. Hard-boiled candies can be manufactured using
acesulfame as the intense sweetener and isomalt, maltitol or lactitol as the bulking
ingredient. Acesulfame rounds the sweetness of these sugar alcohols and brings
the taste close to standard, sugar-containing products. Because of the good tem-
perature stability of acesulfame K, it can be added before cooking. Alternatively,
it can be added together with acids, flavorings and colorants after cooking. In
soft candies, acesulfame shows a good shelf stability. Again, suitable blends of
sugar alcohols and acesulfame allow the production of sugarless soft candy com-
ing close to standard products in taste and texture. Sugarless marzipan having
good taste, texture, and shelf stability can be manufactured using acesulfame as
the intense sweetener and isomalt as a bulking ingredient. In chocolate and related
products, acesulfame can be added at the beginning of the production process
(e.g., before rolling). It withstands all treatments including conching without de-
tectable decomposition (38). Starch-based confectionery items also benefit from
the addition of acesulfame K because it withstands the extrusion temperatures
while adding sweetness because these types of products are limited in the amount
of sugar that can be incorporated.

Bulking agents with a sweet taste like sorbitol are generally used for the
production of sugarless chewing gums. The low sweetness of sugar alcohols is
normally enhanced by artificial sweeteners. The fast onset of sweetness of acesul-
fame K is beneficial in forming the initial taste. Therefore, acesulfame K–
containing chewing gum has a pleasant sweet taste from the beginning. Because
of its good solubility, acesulfame K may be dissolved fairly quickly by the saliva.
Prolonged sweetness may be achieved by encapsulation of some of the acesul-
fame K or acesulfame in combinations with other sweetening ingredients. More
recently, use of acesulfame K to enhance and extend sweetness in fully sugared
chewing gums has been seen.

In reduced-calorie baked goods, bulking agents like polydextrose substitute
for sugar and flour and may help to reduce the level of fats. Acesulfame combines
well with suitable bulking ingredients and bulk sweeteners and therefore allows
production of sweet-tasting baked goods having fewer calories. In diabetic prod-
ucts, combinations of acesulfame K and sugar alcohols like isomalt, lactitol, mal-
titol, or sorbitol can provide volume and sweetness. Texture and the sweetness
intensity can be similar to sucrose-containing products. Although lower sweet-
ness for baked compared with unbaked goods was reported in one study (39),
extensive work on acesulfame K in baked goods did not give any indication for
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losses during baking. Even after prolonged exposure to elevated temperatures or
elevated oven temperatures, no statistically significant deviation from the added
concentrations was analyzed. Sensory studies showed good and pleasant sweet-
ness for baked goods containing acesulfame alone or in combination with bulking
ingredients or bulk sweeteners (40). Reduced calorie baked goods (muffins and
frostings) sweetened partially with acesulfame K were found to be equal to full-
calorie products in sensory testing (41), and sweetener combinations of acesul-
fame K (with aspartame/saccharin or aspartame alone) in shortbread cookies
were found to have sweetness time intensity profiles similar to sucrose (42).

Acesulfame can easily be used in fruit-flavored dairy products. It with-
stands pasteurization of fruit preparations and pasteurization of the product itself.
For nonfermented products like flavored milk, cocoa beverages, and similar prod-
ucts, the use of acesulfame K as the single sweetener is advisable because good
heat and shelf-life stability is required. In certain countries where cyclamate is
approved, blends of acesulfame K and cyclamate are used in this application,
too. Whenever temperature stability is not very important, particularly well-
rounded taste profiles are obtained from blends of acesulfame and aspartame, for
example, in fruit flavored yogurt and yogurt analog products. Acesulfame K is
apparently not attacked by lactic acid bacteria and other microorganisms used in
fermented milk products. In ice cream and analog products, the modification of
freezing and crystallization of water has to be achieved by the use of appropriate
levels of sugar substitutes. Again, acesulfame can round and enhance the sweet-
ness because it combines particularly well with the taste of sugar alcohols (43).

In addition to the listed food categories, many other products can be sweet-
ened with acesulfame K; examples are shown in Table 3.

The production of tabletop preparations containing acesulfame K is similar
to those containing other intense sweeteners. Effervescent tablets, granules, pow-
der, and solutions have been produced. Because of the good solubility of acesul-
fame K in water, highly concentrated solutions suitable for household use can
be manufactured. No shelf-life problems have to be anticipated for solutions un-
der normal storage conditions. Similarly, no problems have been reported in the
dissolution of tablets or powders. Solid tabletop preparations are generally used
in hot beverages, and the solubility of acesulfame K is extremely good at such
elevated temperatures.

Outside the food sector, acesulfame K can be used to sweeten oral hygiene
products, pharmaceuticals, tobacco products, and animal feedstuffs. In cosmetics,
such as toothpaste and mouthwash preparations, and in similar products, some
ingredients (e.g., surfactants) tend to impart a bitter taste. Ordinarily, special fla-
vors and sweeteners are needed to mask such taste and to produce an initial
pleasant flavor. Because the sweetness of acesulfame K is perceived quickly,
it is particularly suitable for these oral hygiene products. It is compatible with
commonly used flavoring agents in toothpastes and mouthwash preparations.
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If the flavor concentration is not crucial for the taste character of the cosmetic
product, the fast onset of the sweetness of acesulfame K requires low concentra-
tions of flavoring ingredients. As mentioned earlier, acesulfame K is highly
compatible with sorbitol, which is often used in toothpaste. If glycerol is used
as a humectant and brightener, no solubility problems are incurred. Problems
have also not been encountered when acesulfame K is dissolved in mouthwash
formulations containing alcohol, despite the low solubility of acesulfame K in
pure ethanol. In mixtures of ethanol and water, the solubility of acesulfame K
normally is greater than concentrations that are used in mouthwash preparations
(44, 45).

Pharmaceuticals sometimes have unpleasant flavor or taste characteristics;
again, acesulfame K can mask such bitter taste patterns.

V. ANALYTICAL METHODS

The thin-layer chromatographic detection of acesulfame K is simple. Quantitative
determinations can be carried out by liquid chromatographic methods and isota-
chophoresis. Because the volatility of acesulfame K is low and methylation pro-
duces differing ratios of methyl derivatives, the quantitative determination by gas
chromatography is impossible. Apart from the direct spectroscopic determination
of acesulfame K at 227 nm, no spectroscopic methods for the determination are
available.

The thin-layer chromatographic detection of acesulfame K can be carried
out on polyamide layers. With fluorescent compounds in the layer, the detection
can be carried out by extinction of fluorescence. In visible light, detection is
possible after spraying with fluorescein and exposing to vapors of bromine. The
limit of detection is about 2 µg (46).

Liquid chromatographic determination of acesulfame K in foods is simple,
because beverages or aqueous extracts from foods often can be injected onto
the columns immediately after filtration. The methods described are basically
reverse-phase separations with detection in ultraviolet (UV) light (47, 48). The
same liquid chromatographic procedure can be used in assaying feeds which,
in contrast to foods, should be clarified by adding zinc sulfate and potassium
hexacyanoferrate (49).

Ion chromatography on anion separator columns may be used alternatively.
Acesulfame and other sweeteners including cyclamate can be detected by a con-
ductivity detector (50).

Because conductivity detectors are used in isotachophoresis, this method
can also be used for separation of acesulfame from other food ingredients and
intense sweeteners. Quantitative determination of acesulfame in the presence of
other sweeteners has been described (48, 51).
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All methods described allow the separation of acesulfame K from other
intense sweeteners that may be used in combination.

VI. REGULATORY SITUATION

The completion of a comprehensive safety evaluation program paved the way
for the approval of acesulfame K as a food additive.

The evaluation of the data by the Joint Expert Committee for Food Additives
of the WHO and FAO resulted in approval for food use with the allocation of an
ADI of 0–15 mg/kg of body weight (23). In addition, specifications were published
that were revised later (52). The Scientific Committee for Foods of the EEC per-
formed another evaluation of acesulfame’s safety. Again, acesulfame was approved
for food use, and an ADI of 0–9 mg/kg of body weight was allocated (24).

In the United Kingdom, the first country approving Acesulfame, the Food
Additives and Contaminants Committee published a report on sweetening agents
for foods, listing acesulfame K among ‘‘substances that the available evidence
suggests are acceptable for use in food’’ (53). In the United States, the approval
of acesulfame for a number of applications was granted in 1988 (25) followed
by approvals for many other product categories including soft drinks. All approv-
als allow use of acesulfame K under conditions of good manufacturing practice
(i.e., without numerical limitation) (54).

After the favorable assessments published by the WHO and FAO and the
Scientific Committee for Foods of the EU, more than 100 countries have ap-
proved the use of acesulfame K in at least some products. They include all mem-
ber states of the European Union (because acesulfame K is listed for many appli-
cations in the Directive on Sweeteners for Use in Foodstuffs), Canada, Japan,
Australia, and New Zealand. In several countries, approvals according to good
manufacturing practice have been granted.

Because the ADI values allocated for acesulfame K may not be easy to
compare with use levels, a conversion into the corresponding sucrose levels offers
a simple possibility to get an idea of the potential applications. Using the sweet-
ness intensity factor of 200 times sucrose, the ADI allocated by the WHO and
FAO corresponds to 180 g of sucrose for the 60-kg adult. These values are well
above the average daily sucrose consumption. Therefore, it can be concluded that
the intake of acesulfame K will generally be well below the ADI. This view has
been confirmed by intake studies and calculations.
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I. INTRODUCTION

The field of high-potency sweeteners has long been an active area of research.
Stimulated by the accidental discovery of the potent sweet taste of aspartame in
1965 (1,2), dipeptides became an area of increasing interest for chemists and
food technologists alike. Starting in the early 1970s an intensive, systematic pro-
gram to develop high-potency sweeteners was carried out at Pfizer Central Re-
search. This program, which involved the synthesis of a large number of dipep-
tides of diverse structural types, culminated in the synthesis of alitame, which is
the subject of this review. Alitame and structurally related peptide sweeteners
are the subject of a U.S. patent (3).

II. STRUCTURE

The structure of alitame is shown in Fig. 1, which emphasizes the component
parts of the molecule. Alitame is formed from the amino acids l-aspartic acid
and d-alanine, with a novel C-terminal amide moeity. It is this novel amide mo-
eity (formed from 2,2,4,4-tetramethylthienanylamine) that is the key to the very
high sweetness potency of alitame. The structure of alitame was developed by
following leads from a number of synthesized model compounds. Within the

†Deceased.
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Figure 1 Alitame: structure and development.

series of l-aspartyl-d-alanine amides those structural features that were found to
be most conducive to high sweetness potency include small to moderate ring
size, presence of small-chain branching α to the amine-bearing carbon, and the
introduction of the sulfur atom into the carbocyclic ring.

III. ORGANOLEPTIC PROPERTIES

Alitame is a crystalline, odorless, nonhygroscopic powder. Its sweetness potency,
determined by comparison of the sweetness intensity of alitame solutions with
concentrations in the range of 50 µg/ml to a 10% solution of sucrose, is approxi-
mately 2000 times that of sucrose. Compared with threshold concentrations of
sucrose (typically 2–3%), the potency of alitame increases to about 2900 times
that of sucrose. This phenomenon is typical of high-potency sweeteners. Use of
higher concentrations of alitame allows preparation of solutions with a sweetness
intensity equivalent to sucrose solutions of 40% or greater.

The sweetness of alitame is of a high quality, sucroselike, without accompa-
nying bitter or metallic notes often typical of high-potency sweeteners. The
sweetness of alitame develops rapidly in the mouth and lingers slightly, in a
manner similar to that of aspartame.

Alitame has been found to exhibit synergy when combined with both ace-
sulfame-K and cyclamate. High-quality blends may be obtained with these and
other sweeteners, including saccharin.
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IV. SOLUBILITY

At the isoelectric pH, alitame is very soluble in water. Excellent solubility is also
found in other polar solvents, as is shown in Table 1. As expected from the
molecule’s polar structure, alitame is virtually insoluble in lipophilic solvents.
In aqueous solutions the solubility rapidly increases with temperature and as the
pH deviates from the isoelectric pH. This effect is shown in Table 2.

V. DECOMPOSITION PATHWAYS

The principal pathways for the reaction of alitame with water are relatively simple
compared with aspartame (Fig. 2). The major pathway involves hydrolysis of the
aspartylalanine dipeptide bond to give aspartic acid and alanyl-2,2,4,4-tetrameth-
ylthietane amide (‘‘alanine amide’’). The α,β-aspartic rearrangement, common
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Figure 2 Main degradation pathways of alitame.

to all peptides bearing N-terminal aspartic acid (4), also occurs to give the β-
aspartic isomer of alitame. This rearranged dipeptide hydrolyzes at a slower rate
than alitame to give the same products as those arising from the parent compound
(i.e., aspartic acid and alanine amide). No cyclization to diketopiperazine or hy-
drolysis of the alanine amide bond is detectable in solutions of alitame that have
undergone up to 90% decomposition. All three major decomposition products
are completely tasteless at levels that are possible in foods.

VI. STABILITY

In Fig. 3 the half-lives for alitame and aspartame (5) in buffer solutions of various
pH are compared. As can be seen, the solution stability of alitame approaches
the optimum for aspartic acid dipeptides. At acid pH (2–4), alitame solution half-
lives are more than twice those of aspartame. As the pH increases, this stability
advantage increases dramatically. In particular in the neutral pH range (5–8)
alitame is completely stable for more than 1 year at room temperature.

Alitame is sufficiently stable for use in hard and soft candies, heat-pasteur-
ized foods, and in neutral pH foods processed at high temperatures, such as sweet
baked goods. The dramatic heat stability advantage of alitame over aspartame
under simulated baking conditions is illustrated in Fig. 4. Actual half-life data
for the two sweeteners under these conditions may be found in Table 3. This
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Figure 3 Alitame and aspartame stability in buffer solutions at 23°C.

Figure 4 Thermal stability of alitame and aspartame.
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allows alitame to survive the thermal and pH conditions of the baking process
with insignificant decomposition.

VII. COMPATIBILITY

Alitame exhibits excellent functionality and is compatible with a wide variety of
freshly prepared foods. In accordance with its chemical structure, it can undergo
chemical reaction with certain food components. In particular, high levels of re-
ducing sugars, such as glucose and lactose, may react with alitame in heated
liquid or semiliquid systems, such as baked goods, to form Maillard reaction
products. High levels of flavor aldehydes can behave similarly. Such reactions
have been reported for aspartame and other aspartyl dipeptides (6–9). Therefore,
the compatibility of alitame with a given recipe will depend on the actual ingredi-
ents present and the thermal and pH exposure involved in the manufacturing
process.

Prolonged storage of alitame in a few standard acidic liquid beverages reci-
pes may result in an incompatibility as measured organoleptically (off-flavors).
This is not reflected in storage stability as measured by chemical assay for alitame
and its degradation products. Levels of off-flavorant(s) are below the limits of
modern analytical detection. Substances, which may produce off-flavors on stor-
age with alitame in liquid products, are hydrogen peroxide, sodium bisulfite,
ascorbic acid, and some types of caramel color at pHs less than 4.0. However,
a research program is underway to find appropriate solutions to overcome these
problems.

VIII. METABOLISM

After oral administration to the mouse, rat, dog, or man, alitame is well absorbed.
Most of an oral dose (77–96%) is excreted in urine as a mixture of metabolites
(Fig. 5). The remainder (7–22%) is excreted in the feces, primarily as unchanged
alitame. Radiochemical balances of 97–105% were obtained in the four species.

In all four species the metabolism of alitame is characterized by the loss
of aspartic acid followed by conjugation and/or oxidation at the sulfur atom of
the alanine amide fragment yielding the corresponding sulfoxide isomers and the
sulfone. Further hydrolysis of the alanine amide fragments does not take place.
In the rat and dog the alanine amide is partially acetylated, and in man it is
partially conjugated with glucuronic acid. No observable cleavage of the alanine
amide bond or rupture of the thietane ring takes place.

Because the aspartic acid portion of the molecule is available for normal
amino acid metabolism, alitame is partially caloric. The maximum caloric contri-
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Figure 5 Metabolism of alitame.

bution of 1.4 calories per gram is clearly insignificant at the use levels in the
diet.

IX. SAFETY

Alitame has been evaluated in the extensive series of studies designed to establish
its safety as a sweetener in the human diet. A list of the major studies completed
is shown in Table 4. On the basis of substantial safety factors determined in these
studies, it is concluded that alitame is safe for its intended use as a component
of the diet of man.

The appropriateness of the animal studies is supported by the fact that the
major metabolites of the compound are common to laboratory animals and man.
The cumulative data amassed during the safety evaluation demonstrate that this
sweetener has an extremely low order of toxicity that supports its estimated mean
chronic daily human dietary intake of 0.34 mg/kg body weight, assuming that
alitame is the sole sweetener in all food categories requested in the Food Additive
Petition. In all the studies the no-effect level (NOEL) was consistently greater
than 100 mg/kg, or �300 times the mean chronic human exposure.

The primary effect of alitame in animals treated with levels greater than
the NOEL (�100 mg/kg) for periods ranging from 5 days to 2 years was the dose-
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Table 4 Major Safety Studies Completed

Genetic toxicology
Three-month dog (0.5, 1, 2% of the diet)
Three-month rat (0.5, 1, 2% of the diet)
Rat teratology (100, 300, 1000 mg/kg/day)
Rabbit teratology (100, 300, 1000 mg/kg/day)
One-month mouse (1, 2, 5% of the diet)
Twelve-month rat (0.01, 0.03, 0.1, 0.3, 1% of the diet)
Eighteen-month dog (10, 30, 100, 500 mg/kg/day)
Rat reproduction (0.1, 0.3, 1% of the diet)
Twenty-four-month mouse oncogenicity (0.1, 0.3, 0.7% of the diet)
Twenty-four-month rat oncogenicity (0.1, 0.3, 1% of the diet; two

species)
Rat, neurobehavioral (3 studies)
Man, metabolism
Man, no effects (15 mg/kg/day, 14 days)
Man, no effects (10 mg/kg/day, 90 days)
Diabetic men and women, no effects (10 mg/kg/day, 90 days; two

studies)

related increase in liver weight secondary to the induction of hepatic microsomal
metabolizing enzymes, a common adaptive response of the liver to xenobiotics.
This high-dose effect abated during chronic studies and after cessation of treat-
ment. At a dose in man of 15 mg/kg/day (44 times the mean chronic intake
estimate and equivalent to consumption of 18 liters of alitame-sweetened carbon-
ated beverage per day by a 60-kg individual), no enzyme induction was observed
over a 14-day period.

Furthermore, neither enzyme induction nor any other effects were observed
over a 90-day period in a double-blind toleration study of 130 subjects of both
sexes of three races (Caucasian, African-American, and Asian) receiving 10 mg
alitame/kg/day, a dose equivalent to consumption of 12 liters carbonated bever-
age per day.

No evidence of carcinogenic potential was noted in rats and mice treated
for 2 years at doses as high as 564 and 1055 mg/kg/day, respectively. Alitame,
in doses as high as 1000 mg/kg/day during organogenesis, was devoid of em-
bryotoxic or teratogenic potential in rats and rabbits. In two-generation reproduc-
tion studies there were no compound effects on mating behavior, pregnancy rate,
the course of gestation, litter size, or maternal or offspring survival.

Mutagenicity assays, both in vitro and in vivo, revealed no genotoxicity at
gene or chromosomal levels in microbial and mammalian test systems. Alitame
had no detectable activity in a battery of pharmacological systems used to assess



Alitame 39

autonomic, gastrointestinal, renal, and central nervous system functions. No ef-
fects were noted on fasting blood glucose or on the disposition of an oral glucose
load.

X. REGULATORY STATUS

In 1986 a Food Additive Petition was submitted to the U.S. Food and Drug Ad-
ministration requesting broad clearance for alitame (10). The petition requests
approval of alitame as a sweetener and flavoring in specified foods in amounts
necessary to achieve the intended effect and in accordance with good manufactur-
ing practice. Table 5 presents the 16 food product categories requested in this
petition.

In addition to the United States, permission for the use of alitame in food
has been requested from a number of other countries and regulatory agencies.
Alitame was approved for use in Australia in December 1993; in Mexico in May
1994; in New Zealand in October 1994; in People’s Republic of China in Novem-
ber 1994; in Indonesia in October 1995; in Colombia in April 1996, and in Chile
in June 1997. Alitame was reviewed by Joint FAO/WHO Expert Committee on



40 Auerbach et al.

Food Additives (JEFCA) in 1995 (11) and 1996 (12) and allocated an acceptable
daily intake (ADI) of 1 mg/kg of body weight (12). A WHO/FAO specification
monograph has been published (13). Alitame INS No. 956 is also listed in the
draft codex Alimentarius General Standard for Food Additives (14).
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I. INTRODUCTION AND HISTORY

Over three decades have elapsed since aspartame was discovered accidentally in
1965 by G. D. Searle and Co. chemist James Schlatter (1, 2). At present, it is
estimated that aspartame is used in approximately 6000 different products world-
wide.

The safety of aspartame has been tested extensively in animal and human
studies. It is undoubtedly the most thoroughly studied of the high-intensity sweet-
eners. The safety of aspartame has been affirmed by numerous scientific bodies
and regulatory agencies, including the Joint FAO/WHO Expert Committee on
Food Additives (JECFA) of the Codex Alimentarius (Food and Agriculture
Organization/World Health Organization) (3), the Scientific Committee for Food
of the Commission of European Communities (4), the U.S. Food and Drug Ad-
ministration (FDA) (5, 6), and the regulatory agencies of more than 100 other
countries around the world.

II. PHYSICAL CHARACTERISTICS AND CHEMISTRY

A. Structure

Aspartame is a dipeptide composed of two amino acids, l-aspartic acid and the
methyl ester of l-phenylalanine. The chemical structure of aspartame is depicted
in Fig. 1. Aspartame sold for commercial use meets all requirements of the Food
Chemical Codex (7).

41
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Figure 1 Chemical structure of aspartame.

B. Stability

In liquids and under certain conditions of moisture, temperature, and pH, the ester
bond is hydrolyzed, forming the dipeptide, aspartylphenylalanine, and metha-
nol. Ultimately, aspartylphenylalanine can be hydrolyzed to its individual amino
acids—aspartate and phenylalanine (8, 9). Alternatively, methanol may also be
hydrolyzed by the cyclization of aspartame to form its diketopiperazine (DKP)
(Fig. 2).

The decomposition of aspartame is indicative of first-order kinetics, and
stability is determined by time, moisture, temperature, and pH. Under dry condi-
tions, the stability of aspartame is excellent; it is, however, affected by extremely
high temperatures that are not typical for the production of dry food products
(10, 11). The combined effect of time, temperature, and pH on the stability of
aspartame in solutions is shown in Fig. 3.

At 25°C, the maximum stability is observed at pH �4.3. Aspartame func-
tions very well over a broad range of pH conditions but is most stable in the
weak acidic range in which most foods exist—between pH 3 and 5. A frozen
dairy dessert may have a pH ranging from 6.5 to more than 7.0, but, because of
the frozen state, the rate of reaction is dramatically reduced. And, because of the
lower free moisture, the shelf-life stability of aspartame exceeds the predicted
shelf-life stability of these products.

C. Solubility in Food and Beverage Applications

Aspartame is slightly soluble in water (about 1.0% at 25°C) and is sparingly
soluble in alcohol (10, 11). It is not soluble in fats or oils. An important consid-
eration, especially for many products that are prepared by mixing aspartame-
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Figure 2 Principal conversion products of aspartame.

Figure 3 Stability of aspartame in aqueous buffers at 25°C.
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sweetened products with water or with milk at different temperatures, is the rate
of dry mix dissolution. Solubility is a function of both temperature and pH.

III. TASTE

The taste of aspartame is described as clean and sweet like sugar but without
the bitter chemical or metallic aftertaste often associated with some other high-
intensity sweeteners. Comparisons of the sweetness of aspartame and sucrose
that use quantitative descriptive analyses reveal that the taste profile for aspartame
closely resembles that of sucrose. Food industry and university-based studies
have documented this sugarlike taste of aspartame (8, 12).

A. Flavor-Enhancing Property

Various food and beverage flavors are enhanced or extended by aspartame, espe-
cially acid fruit flavors. Such flavor enhancements or flavor extensions are partic-
ularly evident with naturally derived flavors (13). This flavor-enhancing property,
as evident in chewing gum, may extend flavor up to four times longer (14). Such
a characteristic is important in many food applications.

B. Sweetness Intensity

Depending on the food or beverage system, the intensity (i.e., potency) of aspar-
tame has been determined to be 160 to 220 times the sweetness of sucrose (10,
11). Generally, an inverse relationship exists between the intensity of aspartame
and the concentrations of sucrose being replaced. Overall, the relative sweetness
of aspartame may vary depending on the flavor system, the pH, and the amount
of sucrose or other sugars being replaced (10, 11, 15).

IV. FOOD AND BEVERAGE APPLICATIONS

Aspartame is approved for general use in foods (16), including carbonated soft
drinks, powdered soft drinks, yogurt, hard candy, and confectionery. The stability
of aspartame is excellent in dry-product applications (e.g., tabletop sweetener,
powdered drinks, dessert mixes). Aspartame can withstand the heat processing
used for dairy products and juices, aseptic processing and other processes in
which high-temperature short-time and ultra-high temperature conditions are
used. The potential for aspartame to hydrolyze or cyclize may, under some condi-
tions of excessive heat, limit some applications of aspartame.
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A wide range exists over which aspartame sweetness levels are acceptable.
The loss of aspartame because of certain combinations of pH, moisture, and tem-
perature can lead to a gradual loss of perceived sweetness, with no development
of off-flavors, because conversion products of aspartame are tasteless (10, 11).

Blends or combinations of sweeteners are often used to achieve the desired
level of sweetness in food and beverage products that traditionally have been
sweetened with single sweeteners. Aspartame works well in admixture with other
sweeteners, including sugar. The flavor-enhancement quality of aspartame masks
bitter flavors even at subsweetening levels and makes aspartame a desirable
choice in blends with those sweeteners that possess potentially undesirable or
more complex taste profiles.

V. THE ESTABLISHED SAFETY OF ASPARTAME
AND ITS COMPONENTS

Aspartame has been proven to be a remarkably safe sweetener, with more than
200 scientific studies in animals and humans confirming its safety. Vigilant post-
marketing surveillance of anecdotal complaints from consumers revealed no con-
sistent pattern of symptoms related to consumption of aspartame, and an exten-
sive postmarketing research program to evaluate these allegations in controlled,
scientific studies further confirmed that aspartame is not associated with adverse
health effects.

A. Acceptable Daily Intake vs. Actual Intake

On the basis of the results of the comprehensive safety studies in animals (17,
18), an Acceptable Daily Intake (ADI) of 40 mg/kg/day for aspartame was set
by JECFA (3). On the basis of both animal and human data, the US FDA set an
ADI for aspartame of 50 mg/kg body weight/day (19).

The ADI represents the amount of a food additive that can be consumed
daily for a lifetime with no ill effect (20–22). It is not a maximum amount that
can be safely consumed on a given day. A person may occasionally consume a
food additive in quantities exceeding the ADI without adverse effects. Aspartame
is about 200 times sweeter than sugar, so an ADI of 50 mg/kg body weight is
the sweetness equivalent of approximately 600 g (1.3 pounds) of sucrose con-
sumed daily by a 60-kg person over a lifetime. If aspartame replaced all the
sucrose in our diet, consumption would be well below the ADI at approximately
8.3 mg/kg/day (5).

Actual consumption levels of aspartame were monitored from 1984 to 1992
through dietary surveys in the United States (23–26). Average daily aspartame
consumption at the 90th percentile (‘‘eaters’’ only) in the general population
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ranged from about 2 to 3 mg/kg body weight. Consumption by 2- to 5-year-
old children in these surveys ranged from about 2.5 to 5 mg/kg/day. Aspartame
consumption has also been estimated in several other countries around the world.
Although survey methods differed among these evaluations, aspartame consump-
tion is remarkably consistent and is only a fraction of the ADI (27–37).

B. Extensive Safety Studies with Aspartame in Humans

In addition to the comprehensive battery of toxicology studies in animals, the
safety of aspartame and its metabolic constituents has been exhaustively assessed
in humans. In addition to healthy men and women, several human subgroups
were studied, including infants, children, adolescents, obese individuals, diabetic
individuals, individuals with renal disease, individuals with liver disease, lactat-
ing women, and individuals heterozygous for the genetic disease, phenylketonuria
(PKU), who have a somewhat decreased ability to metabolize phenylalanine.
These and longer term studies showed no untoward health consequences from
aspartame (38–59). The results of the human studies, along with the animal re-
search, have provided convincing evidence that aspartame is safe for the general
population, including pregnant women and children.

C. Safety of Dietary Components of Aspartame

After consumption, aspartame is rapidly metabolized into its components: aspar-
tate, phenylalanine, and methanol. These components have sometimes been the
objects of speculation regarding their potential for adverse effects. As discussed
later, the components of aspartame are normal constituents of the diet, and no
evidence exists for adverse effects associated with consumption of aspartame.

1. Aspartate

Plasma concentrations of aspartate are not altered by even enormous amounts of
aspartame (38–42, 44, 46). Oral administration at a dosage of 34 mg/kg/day,
more than 10 times the estimated 90th percentile consumption, does not change
plasma aspartate concentrations in humans (38). Chronic administration of even
higher doses of aspartame (75 mg/kg/day for 24 weeks) did not change mean
fasting plasma concentrations of aspartate (60). The addition of glutamate and
aspartame (each at 34 mg/kg) to a meal providing 1 g protein/kg did not increase
plasma concentrations of either glutamate or aspartate beyond the changes caused
by the meal itself (61, 62). As Fig. 4 illustrates, at current levels of consumption
only a small fraction of the daily dietary intake of aspartate is derived from aspar-
tame in adults or children (26).
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Figure 4 Dietary intake of aspartic acid vs. intake from aspartame in adults and children.

2. Phenylalanine

Consumption of aspartame-sweetened foods does not increase plasma phenyl-
alanine concentrations beyond those that normally occur postprandially (38,
39, 41). Doses of aspartame at approximately 30 mg/kg/day did not increase
plasma phenylalanine concentrations above those observed after eating a protein-
containing meal in normal adults, phenylketonuric heterozygotes, or non-insulin-
dependent diabetic populations (63). As Fig. 5 illustrates, at current levels of
consumption only a small fraction of daily dietary intake of the essential amino
acid phenylalanine is derived from aspartame in adults or children (26). The only
individuals who must be concerned regarding aspartame’s phenylalanine content
are those with phenylketonuria, a rare genetic disease in which the body cannot
properly metabolize phenylalanine. These individuals must severely restrict phe-
nylalanine intake from all dietary sources, including aspartame.

3. Methanol

Aspartame yields approximately 10% methanol by weight. The amount of metha-
nol released from aspartame is well below normal dietary exposures to methanol
from fruits, vegetables, and juices (Fig. 6) (5, 23). Aspartame consumption, even
in amounts many times those consumed in products, does not alter baseline blood
concentrations of methanol or formate (43). Whereas methanol exposure at the
90th percentile of chronic aspartame consumption is 0.3 mg/kg/day, the FDA
has established acceptable levels of exposure to methanol at 7.1 to 8.4 mg/kg/
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Figure 5 Dietary intake of phenylalanine vs. intake from aspartame in adults and chil-
dren.

Figure 6 Methanol content of beverage sweetened with aspartame vs. fruit juices.
(*From Wucherpfennig et al., Flussuges Obst., 348–354, 1983.)
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day for 60-kg adults (64). Thus, acceptable dietary exposures to methanol are
approximately 25 times potential exposures to methanol after 90th percentile con-
sumption of aspartame.

Recently, Trocho et al. (65) concluded from a study in rats that aspartame
may be hazardous because formaldehyde adducts in tissue proteins and nucleic
acids from aspartame may accumulate. However, according to Tephly (66), the
doses of aspartame used in the study do not even yield blood methanol concentra-
tions outside control values. Furthermore, the amounts of aspartame equal to that
in about 75 cans of beverage as a single bolus result in no detectable increase
in blood formate concentrations in humans, whereas increased urinary formate
excretion shows that the body is easily able to handle even excessive amounts
of aspartame. In addition, there is no accumulation of blood or urinary methanol
or formate with long-term exposure to aspartame. Thus, Tephly concluded that
‘‘the normal flux of one-carbon moieties whether derived from pectin, aspartame,
or fruit juices is a physiologic phenomenon and not a toxic event’’ (66).

D. Postmarketing Surveillance of
Anecdotal Health Reports

Aspartame has been the subject of extensive postmarketing surveillance. Shortly
after its widespread marketing, a number of anecdotal reports of health effects
appeared which some consumers related to their consumption of aspartame-
containing products. Not unexpectedly, negative media stories influenced the
numbers and types of these reports. The NutraSweet Company took the unprece-
dented step of instituting a postmarketing surveillance system to document and
evaluate these anecdotal reports (24, 25, 67). Data from this system were evalu-
ated by the company and also shared with the US FDA, as discussed later.

After the approval of aspartame in carbonated beverages in 1983, an in-
crease in the reporting of adverse health events allegedly associated with the
consumption of aspartame-containing products led the FDA to request the Cen-
ters for Disease Control and Prevention (CDC) to evaluate these reports (68, 69).
The CDC was charged with describing the types of complaints and determining
whether there were any specific clusters or types of complaints that would indi-
cate the need for further study. The CDC concluded, ‘‘Despite great variety over-
all, the majority of frequently reported symptoms were mild and are symptoms
that are common in the general populace’’ (68). The CDC could not identify any
specific group of symptoms that was clearly related to aspartame but believed
that focused clinical studies would be the best mechanism to address the issues
raised by these reports.

In the mid-1980s, the FDA Center for Food Safety and Applied Nutrition
(CFSAN) established its own passive surveillance system, the Adverse Reaction
Monitoring System (ARMS), to monitor and evaluate anecdotal reports of ad-
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verse health effects thought to be related to foods, food and color additives, and
vitamin/mineral supplements (70, 71). Through this system, spontaneous reports
of food-associated adverse health events received from consumers, physicians,
and industry are documented, investigated, and evaluated.

On the basis of reviews of anecdotal complaints for aspartame, the FDA
concluded that there is no ‘‘reasonable evidence of possible public health harm’’
and ‘‘no consistent or unique patterns of symptoms reported with respect to aspar-
tame that can be causally linked to its use’’ (70, 71). In a recent evaluation, they
further concluded that there was a gradual decrease in the number of reports
regarding aspartame received over time and that the reports remained comparable
to previous ones in terms of demographics, severity, strength of association, and
symptoms (72).

In considering the anecdotal reports, it is important to keep in mind that,
because about 100 million people consume aspartame in the United States alone,
it is not unlikely that a consumer may experience a medical event or ailment
near the same time aspartame is consumed. The error of inclinations to associate
causality with coincidence is perhaps best stated by one scientist who indicated,
‘‘As aspartame is estimated to be consumed by about half the U.S. population,
one need not be an epidemiologist to grasp the problem of establishing a cause-
and-effect relationship. Half the headaches in America would be expected to
occur in aspartame users, as would half the seizures and half the purchases of
Chevrolets.’’ (73).

E. Research to Investigate Issues Raised in the
Postmarketing Period

To expand the knowledge base about aspartame and further address the anecdotal
reports and other scientific issues raised during the postmarketing period, a num-
ber of studies, including ‘‘focused’’ studies in humans as suggested by the CDC,
were done. For example, the results of a long-term clinical study with high doses
of aspartame (75 mg/kg/day for 24 weeks, or about 25 to 30 times current con-
sumption levels at the 90th percentile) provided additional confirmatory evidence
of aspartame’s safety (60). Even after these enormous daily doses of aspartame,
there were no changes in clinical or biochemical parameters or increased adverse
experiences compared with a placebo. Clinical studies to evaluate whether aspar-
tame causes headache, seizures, or allergic-type reactions were done (74–87).
In some of these studies, individuals identified through the company’s medical
postmarketing surveillance system, who were convinced that aspartame caused
their symptoms, were studied (77, 83–85). In addition, studies were done to eval-
uate whether aspartame had any effect on brain neurotransmitter concentrations
or neurotransmission or on indicators of brain function, such as memory, learning,
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mood, and behavior (88–111). The weight of evidence from the results of the
research done with aspartame clearly demonstrates that, even in amounts many
times what people typically consume, aspartame is not associated with adverse
health effects (112–125).

F. False Allegations of Brain Tumors

In 1996, a group led by long-time aspartame critic John Olney contended that
the reported increase in the rate of brain tumors in the United States was related
to the marketing of aspartame (126). Olney and colleagues described what they
termed a ‘‘surge in brain tumors in the mid 1980s’’ on the basis of selective
analysis of the US Surveillance Epidemiology and End Results (SEER) tumor
database.

The arguments of Olney et al. implicitly require two biologically indefensi-
ble assumptions: first, that a certain factor (aspartame) could cause an observed
increase in the incidence of brain cancer in less than 4 years and, second, that
even more widespread exposure to this factor would cause no further increase
in the incidence of that cancer in subsequent years. However, the trend of in-
creased brain tumor rates started well before aspartame was approved, and overall
brain tumor rates have actually been decelerating in recent years (127).

Furthermore, the pattern of increased brain tumor rates has been noted pri-
marily in the very elderly (128–131), not the typical age group of aspartame
consumers. In addition, it is widely thought that apparent increases in brain tumor
rates in the mid-1980s may not reflect genuine increases in brain tumors but
rather enhanced detection, largely resulting from the availability of sophisticated
noninvasive diagnostic technology, such as computed tomography and magnetic
resonance imaging (128–135).

Epidemiologists have criticized Olney and coworkers’ attempted associa-
tion between the introduction of aspartame and occurrence of brain tumors (136,
137). For example, Ross (137) stated, ‘‘From an epidemiologic perspective, the
conclusion of the report may well represent a classic example of ‘ecologic fal-
lacy.’ . . . There is no information available regarding whether the individuals
who developed brain tumors consumed aspartame. For example, one might also
invoke (a) cellular phone, home computer, and VCR usage; (b) depletion of the
ozone layer; or (c) increased use of stereo headphones as potentially causative
agents . . . some or all of these possibilities may or may not have any biological
plausibility to the observed associations.’’ Seife (138) humorously chided that
Olney and coworkers had neglected to consider the close statistical correlation
that exists between increased brain tumor incidence and the rise of the national
debt driven by supply-side economics in the mid-1980s!

Furthermore, a case-controlled study specifically evaluating aspartame con-
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sumption and the risk of childhood brain tumors was published by Gurney et al.
(139). The results of the study showed that children with brain tumors were no
more likely to have consumed aspartame than control children nor was there any
elevated risk from maternal consumption of aspartame during pregnancy. Gurney
and coworkers concluded, ‘‘. . . it appears unlikely that any carcinogenic effect
of aspartame ingestion could have accounted for the recent brain tumor trends
as Olney et al. contend’’ (139).

Nonetheless, the allegations regarding aspartame and brain tumors have
been carefully evaluated by scientists at regulatory agencies in the United States,
Australia/New Zealand, the United Kingdom, and the European Union with the
unanimous conclusion that aspartame does not cause cancer (140–143).

G. Internet Misinformation

Although the Internet is a revolutionary source of information, anyone can post
information on the Internet without being held accountable for accuracy. The
Internet has unfortunately been exploited and provided an unwitting forum for
dissemination of calculated misinformation, scientifically unfounded allegations,
and speculations by a handful of individuals. Society has unfortunately not yet
developed the critical evaluation skills necessary for distinguishing Internet fact
from Internet fiction. For example, a number of websites use pseudoscience to
attribute any number of maladies to aspartame. Virtually all the information on
these websites is distorted, anecdotal, from anonymous sources, or is scientifi-
cally implausible. In a number of cases, responsible medical organizations have
been compelled to respond to bogus Internet allegations. For example, the senior
medical advisor of one organization so targeted, the Multiple Sclerosis Founda-
tion, stated, ‘‘This campaign by the ‘aspartame activists’ is not innocent drum
banging,’’ because they have created a danger in that individuals who should
seek appropriate medical treatment instead blame aspartame for their medical
conditions. He further stated that whatever the ultimate agenda of ‘‘aspartame
activists,’’ ‘‘it is not public health.’’ (144, 145)

Misinformation on the Internet has caught the attention of various regula-
tory agencies, such as the US Food and Drug Administration (146), the Ministry
of Health in Brazil (147), and the Ministry of Health in the UK (148). These
agencies have evaluated the allegations, including those regarding a number of
serious diseases such as multiple sclerosis, lupus erythematosus, Gulf War syn-
drome, brain tumors, and a variety of other diseases. They have concluded that
these allegations are anecdotal and that there is no reliable scientific evidence
that aspartame is responsible for any of these conditions, thus reaffirming the
safety of aspartame. Furthermore, scientific organizations all around the globe
have also rebutted these attacks on the Internet and issued statements of support
for aspartame’s safety (149).
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VI. WORLDWIDE REGULATORY STATUS

In addition to the United States, aspartame has been approved for food and bever-
age and/or tabletop sweetener use in more than 100 countries.

VII. CONCLUSION

The availability of aspartame to food manufacturers worldwide has been one of
the major factors responsible for the growth of the ‘‘light’’ and ‘‘low-calorie’’
segments of the food industry. Aspartame provides many opportunities for formu-
lating new products while lowering or limiting calories and sugar consumption.
Aspartame’s clean, sugarlike taste and unique flavor-enhancing properties, com-
bined with the exhaustive documentation of its safety, have contributed to accep-
tance by consumers, the food industry, and health professionals worldwide.
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I. INTRODUCTION

Cyclamate (Fig. 1) was synthesized in 1937 by a University of Illinois graduate
student, Michael Sveda, who accidentally discovered its sweet taste (1, 2). The
patent for cyclamate eventually became the property of Abbott Laboratories,
which performed the necessary studies and submitted a New Drug Application
for the sodium salt in 1950. Cyclamate was initially marketed as tablets that were
recommended for use as a tabletop sweetener for diabetics and others who had
to restrict their use of sugar. In 1958, after enactment of the Food Additive
Amendment to the Food, Drug, and Cosmetic Act, the Food and Drug Adminis-
tration (FDA) of the United States classified cyclamate as a GRAS, or Generally
Recognized as Safe, sweetener. A mixture of cyclamate and saccharin, which
had been found to have synergistic sweetening properties and an improved taste
(3, 4), was subsequently marketed for use in special dietary foods. When soft
drinks sweetened with the cyclamate–saccharin mixture became popular in the
United States during the 1960s, the consumption of cyclamate increased dramati-
cally. Prompted by the growing use of cyclamate, additional studies were initi-
ated. It was found that cyclamate could be metabolized to cyclohexylamine (Fig.
1) by bacteria in the intestine (5). Then in 1969, the results of a chronic toxicity
study with a 10:1 cyclamate–saccharin mixture were interpreted as implicating
cyclamate as a bladder carcinogen in rats (6). Cyclamate was removed from
GRAS status (7), its use was initially restricted, and then in 1970, it was banned
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Figure 1 Structures of cyclamate and cyclohexylamine.

in the United States from use in all foods, beverages, and drugs (8). However,
many foreign governments did not act as precipitously, and cyclamate continued
to be used as a sweetener in these countries.

In the next few years, many additional toxicity and carcinogenicity studies
were conducted with cyclamate, the 10:1 cyclamate–saccharin mixture, and
cyclohexylamine, but they failed to confirm the original findings. On the basis
of the results of these studies, Abbott Laboratories filed a Food Additive Petition
for cyclamate in 1973 (9). After a lengthy review and an administrative hearing,
cyclamate was denied food additive status in 1980 (10). Subsequently, in Septem-
ber 1982, the Calorie Control Council and Abbott Laboratories filed a second
Food Additive Petition, containing new studies that confirmed the safety of cycla-
mate and assisted in determining the safe level of intake (11). Action on this
petition is still pending.

II. PRODUCTION

The production of cyclamate, which is accomplished by the sulfonation of cyclo-
hexylamine, was originally limited to Abbott Laboratories (12). However, as cy-
clamate became more widely used in foods and beverages, other companies, in-
cluding The Pillsbury Company, Pfizer Inc., Cyclamate Corporation of America,
and Miles Laboratories, entered the market. By 1970, several foreign countries,
including Japan, Taiwan, and Korea, also had production capabilities. When cy-
clamate was banned in the United States, all domestic producers, except Abbott
Laboratories, ceased production. Production was also banned in Japan, and thus
the Taiwanese and Koreans became the major producers. Today, the major pro-
ducers and exporters of cyclamate are located in China, Indonesia, Taiwan, and
Spain.
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III. PHYSICAL CHARACTERISTICS (13–16)

Cyclamic acid, or cyclohexylsulfamic acid (C6H13NO3S; MW � 179.24), is a
white crystalline powder, with a melting point of 169–170°C, good aqueous solu-
bility (1 g/7.5 ml), and a lemon-sour sweetness. It is a strong acid, and the pH
of a 10% aqueous solution is about 0.8–1.6. Sodium and calcium cyclamate are
strong electrolytes, which are highly ionized in solution, fairly neutral in charac-
ter, and have little buffering capacity. Both salts exist as white crystals or white
crystalline powders. The molecular weight of the sodium salt (C6H12NO3S⋅Na)
is 201.22 and that of the calcium salt (C12H24N2O6S2⋅Ca) is 396.54 (432.58 as the
dihydrate). They are freely soluble in water (1 g/4–5 ml) at concentrations far
in excess of those required for normal use but have limited solubility in oils and
nonpolar solvents. Cyclamate solutions are stable to heat, light, and air throughout
a wide pH range.

Cyclohexylamine, which is the starting material in the synthesis of cycla-
mate and is also a metabolite of cyclamate, has distinctly different properties.
Cyclohexylamine (MW � 99.17) is a base, not an acid; it has a fishy odor and
a bitter taste, not a sweet taste. It is a clear colorless liquid, which is miscible
with water, alcohol, and nonpolar solvents and has a boiling point of 134.5°C. The
pH of a 0.01% aqueous solution is 10.5. Cyclohexylamine has many industrial
applications, including use in water treatment and rubber acceleration.

IV. RELATIVE SWEETNESS AND UTILITY

In contrast to the sweet taste from sucrose, which appears quickly and has a
sharp, clean cut-off, the sweetness from cyclamate builds to its maximal level
more slowly and persists for a longer time (13). Cyclamate is generally accepted
as being 30 times sweeter than sucrose, but the relative sweetness of cyclamate
tends to decrease at higher sweetness intensities. For example, cyclamate is about
40 times as sweet as a 2% sucrose solution but only 24 times as sweet as a 20%
sucrose solution (13). This trend may be at least partially due to the increasing
levels of bitterness and aftertaste that characteristically appear at very high cycla-
mate concentrations (3). This off-taste is, however, not a problem at normal use
concentrations.

Calcium cyclamate is somewhat less sweet than sodium cyclamate, and the
off-taste response starts at a lower concentration of the calcium salt than of the
sodium salt. Vincent et al. (3) suggested that the differences between the two
salts might be related to differences in ionization because the sweet taste is due
to the cyclamate ion, whereas the off-taste may be associated with the undissoci-
ated salt. The sweetening power of cyclamate also varies with the medium, and
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Table 1 Regulatory Status of Cyclamate

Country Fooda Beverage Tabletop

Angola � � �
Antigua � �
Argentina � � �
Australia � � �
Austria � � �
Bahamas �
Belgium � � �
Brazil � � �
Bulgaria � � �
Canada � � �
Caribbean (Ind.) � � �
Chile � � �
China � �
Denmark � � �
Dominica � � �
Ecuador � � �
Finland � � �
France � � �
Germany � � �
Greece � � �
Guadeloupe �
Guatemala � � �
Haiti � �
Hungary � � �
Iceland � � �
Indonesia � � �
Ireland � � �
Israel � � �
Italy � � �
Kuwait �
Luxembourg � � �
Martinique � � �
Monserrat �
Netherlands � � �
New Zealand � � �
Nicaragua � � �
Norway � � �
Papua New Guinea � � �
Paraguay � � �
Peru � � �
Portugal � � �
Russia � � �
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Table 1 Continued

Country Fooda Beverage Tabletop

Sierra Leone � � �
Slovakia � � �
South Africa � � �
Spain � � �
Srilanka � �
Sweden � � �
Switzerland � � �
Taiwan � � �
Thailand � �
Trinidad � �
Turkey � � �
United Arab Emirates �
United Kingdom � � �
United States � � �
Uruguay � � �
Venezuela � � �
Yugoslavia (former) � �
Zimbabwe � � �

a May not apply to all food categories. � � Permitted; � � prohibited; blank � no information.
Information current as of 1999 but may be subject to change. Information provided by the Calorie
Control Council.

its actual relative sweetness should be determined in each different product (13).
Most notably, the sweetening power of cyclamate is considerably enhanced in
fruits. More detailed information on the relative sweetness and other properties
of cyclamate can be found in articles by Beck (13, 14).

The primary use of cyclamate is as a noncaloric sweetener, generally in
combination with other sweeteners, but cyclamate can also be used as a flavoring
agent (i.e., to mask the unpalatable taste of drugs) (12, 17). Before being banned,
cyclamate was used in the United States in tabletop sweeteners, in a variety of
foods, in beverages, and in both liquid and tablet pharmaceuticals, and it is found
in numerous products in more than 50 countries today (see Table 1). Many of
these same applications are proposed in the current food additive petition (11)
as the potential uses of cyclamate:

Tabletop sweeteners, in tablet, powder, or liquid form
Beverages, fruit juice drinks, beverage bases or mixes
Processed fruits
Chewing gum and confections
Salad dressings
Gelatin desserts, jellies, jams, and toppings
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V. ADMIXTURE POTENTIAL

Cyclamate has most frequently been used in combination with saccharin. In the
1950s, it was shown that cyclamate–saccharin mixtures are sweeter than would
be expected from the known sweetness of either component alone and that any
off-taste is minimized with the mixtures (3, 4). About a 10–20% synergism is
observed when cyclamate and saccharin are used together. For example, a combi-
nation of 5 mg saccharin and 50 mg cyclamate in a tabletop sweetener is as sweet
as 125 mg cyclamate alone or 12.5 mg saccharin alone (13). Although the ratio
of cyclamate to saccharin can vary considerably from product to product, the
10:1 mixture is used most frequently. With this combination, each component
contributes about equally to the sweetness of the mixture because saccharin is
about 10 times sweeter than cyclamate.

More recently, numerous patents have described the use of cyclamate in
combination with aspartame or aspartame and saccharin (e.g., 18, 19). Applica-
tions have also been reported for cyclamate in combination with acesulfame-K
and other sweeteners (20). If and when cyclamate is again approved for use in
the United States, it would undoubtedly be used primarily in combination with
other more potent sweeteners because no one sweetener appears to meet all the
technological requirements, and mixtures of sweeteners generally appear to offer
improved taste.

VI. TECHNICAL QUALITIES

Cyclamate has a number of technical qualities that make it a good alternative
sweetener (13, 17, 21). It is noncaloric and noncariogenic. Although its relative
sweetness is less than that of saccharin or aspartame, its sweetening power is
adequate, especially when used in combination with other more intense sweeten-
ers. Cyclamate has a favorable taste profile and does not leave an unpleasant
aftertaste at normal use concentrations. It is better than sugar in masking bitter-
ness, and it enhances fruit flavors. Cyclamate is compatible with most foods and
food ingredients, as well as with natural and artificial flavoring agents, chemical
preservatives, and other sweeteners. Its solubility is more than adequate for most
uses, and at normal concentrations it does not change the viscosity or density of
solutions. The stability of cyclamate is excellent, at both high and low tempera-
tures, over a wide pH range, and in the presence of light, oxygen, and other food
chemicals. Cyclamate is nonhygroscopic and will not support mold or bacterial
growth. However, like most noncaloric sweeteners, cyclamate does not provide
the bulk, texture, or body associated with sugar.
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VII. UTILITY

Although most of the product development work with cyclamate was done in
the 1950s and 1960s, Beck has reviewed some of the applications and presented
typical formulations sweetened with cyclamate or a cyclamate–saccharin mixture
(13). Perhaps the primary rule for the development of low-calorie foods and bev-
erages is that cyclamate (or any other nonnutritive sweetener) cannot simply be
substituted for the sugar; instead, the product must be reformulated (13). The two
most critical aspects for a successful product are its flavor and texture. Because a
flavor may not taste the same in systems sweetened with sucrose and cyclamate
(or mixtures of cyclamate and other nonnutritive sweeteners), the flavoring of a
product frequently has to be modified. A proper balance between the taste effects
of the acid and sweetener components of a product must also be achieved. For
example, if the lingering sweetness from noncaloric sweeteners results in a higher
sweetness intensity than desired, some compensation can be achieved by increas-
ing the level of acidity. On the other hand, if an aftertaste develops at the level
of sweetness desired, decreasing the acidity may permit a reduction in the sweet-
ness level, hence minimizing the aftertaste. The other major problem in the devel-
opment of low-calorie products with cyclamate is that of texture or body. This
largely results from the elimination of sugar solids and can frequently be solved
by the addition of a suitable hydrocolloid or bulking agent. An alternative ap-
proach that has been used in soft drinks involves achieving the proper balance
between sweetness and tartness, the use of special flavors, and the adjustment of
the carbonation level.

Cyclamate has always been particularly useful in fruit products because it
enhances fruit flavors and, even at low concentrations, can mask the natural tart-
ness of some citrus fruits (13, 17, 21–23). The cyclamate solutions used for
canned fruits have a lower specific gravity and osmotic pressure than sucrose
syrups and hence do not draw water out of the fruit. Thus, fruits packed in cycla-
mate solutions tend to have a greater drained weight than those packed in sucrose.
Cyclamate-sweetened gelatins are reasonably easy to formulate, requiring the use
of high-bloom gelatins and crystalline sorbitol or mannitol as a bodying agent,
dispersant, and filler (13, 22). Thickening and consistency represent the major
problems with jams, jellies, and puddings sweetened with cyclamate. Low-
methoxy pectin is usually used as a gelling agent in jams and jellies because it
does not require sugar for gel formation (13, 21–23). However, low-methoxy
pectin needs more calcium than is normally present, and hence calcium cyclamate
may be preferable to the sodium salt for this application. Because of the lower
concentrations of osmotically active compounds, jams and jellies containing cy-
clamate may require a preservative to extend their shelf-life. Body and thickening
of puddings can be achieved with starches or a combination of nonnutritive gums
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and thickeners (13, 22). Low-calorie salad dressings require the substitution of
two basic ingredients: cyclamate (or a mixture of cyclamate and another sweet-
ener) for the sugar and a hydrocolloid or thickener for the oil (13, 22).

Baked goods are probably the most difficult foods to reformulate with non-
caloric sweeteners (13, 22, 24). In addition to sweetness, sugar provides bulk
and texture, has a tenderizing effect on gluten, and is important in the browning
reaction. Cyclamate cannot furnish these properties, and hence the formulations
must be modified to include bulking agents (e.g., modified starch or dextrins,
carboxymethylcellulose) and a tenderizing agent (e.g., lecithin). Although proper
browning is difficult to achieve, some success can be obtained by application of
a caramel solution onto the surface. In yeast doughs, sugar also acts as an energy
source for the fermentation reaction. However, satisfactory products containing
cyclamate and only a small amount of sugar (�1%) can be prepared if the salt
content and the fermentation time are reduced (24). As the amount of sugar in
chemically aerated products is decreased, more liquid must be added to retain
the proper consistency of the batter and the eggs must be used to their best advan-
tage for structure and aeration. Good results were obtained with a slurry tech-
nique, in which the flour and other dry ingredients were mixed with water before
being added to the whipped eggs (24). However, preparation of high-quality,
low-calorie baked goods still represents a major technical challenge.

In contrast to baked goods, the lack of a browning reaction with cyclamate
can be an advantage in cured meats (17, 22, 25). When sugar-cured bacon or
ham is fried, the sugar tends to caramelize, losing its sweet taste and giving the
meats a darkened appearance. Because cyclamate has a higher melting point than
sucrose, cyclamate-cured meats taste better, have an improved color, and do not
scorch or stick in the frying pan.

Cyclamate has also found applications in pharmaceutical and oral hygiene
products. It is particularly good at masking the bitterness and unpalatable taste
of many drugs and hence is especially useful in syrups, other liquid formulations,
and chewable tablets (16). Cyclamate imparts a high level of sweetness with a
low solid content, thus providing suspensions that are more fluid and have fewer
problems with caking (16) or tablets that disintegrate rapidly and have less bulk
(26). Cyclamate is also useful as a sweetener in both film coating and compression
coating of tablets, and the acid form can be used as an effervescent agent (26).
Because cyclamate is noncariogenic, it is suitable for use in toothpastes and
mouthwashes.

VIII. AVAILABILITY

Cyclamate is still available in the United States, as well as from foreign suppliers.
The use of cyclamate as a food additive is currently prohibited in the United
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States, and therefore it may not be used in foods or beverages in this country at
present. It is, however, legal to manufacture cyclamate-containing foods in the
United States for export to foreign countries, where the use of cyclamate as a
sweetener is permitted. This must, however, be done in compliance with Section
801(d) of the Federal Food, Drug, and Cosmetic Act 21 USC 381(d).

IX. SHELF-LIFE

Samples of tablets containing a cyclamate and saccharin mixture, which were
manufactured in 1969 or before, did not show any diminution in sweetening
ability or any physical deterioration after at least 7 years (12). It would seem,
therefore, that cyclamate in tablet form has an extremely long shelf-life. Informa-
tion about the possible shelf-life of cyclamate in other applications, such as soft
drinks or canned foods, was not available to the authors. However, when cycla-
mate was widely used in the United States, the shelf-life was more than adequate
to allow the products to be sold in the ordinary course of business. There is no
known instance of a recall of products because of the degradation of the sweeten-
ing content from cyclamate. The cyclamate stability data indicate that an expira-
tion date is not needed to ensure the identity, strength, quality, and purity of
either the bulk food additive or foods and beverages containing cyclamate.

X. TRANSPORT

No known problem exists with the transport of the bulk material, and in the
United States cyclamate is nonregulated with respect to transport.

XI. GENERAL COST/ECONOMICS

It is anticipated that should the Food and Drug Administration once again allow
the use of cyclamate as a food additive in the United States, the price would be
approximately $2.00 per pound, estimated at today’s production costs. The price
from foreign producers has varied considerably from year to year, depending
largely on product availability. As the price of sugar also fluctuates considerably,
the only means of determining the economics of cyclamate use is to compare its
cost at the time of production to the cost of equivalent sweetening from sugar
at its prevailing price. Such comparisons generally indicate that cyclamate is one
of the most economical noncaloric sweeteners.
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XII. METABOLISM

Cyclamate is slowly and incompletely absorbed from the gastrointestinal tract
(15). In one study involving almost 200 subjects, the absorption of cyclamate
averaged only 37% (27). The volume of distribution for cyclamate in rats is
approximately equal to the total body water content, and hence cyclamate does
not concentrate in most tissues (15). Once absorbed, cyclamate is excreted
unchanged in the urine by both glomerular filtration and active tubular secre-
tion (15).

Although early studies had indicated that cyclamate was not metabolized
to any appreciable extent, in 1966 Kojima and Ichibagase (5) detected cyclohex-
ylamine in urine samples from humans and dogs receiving cyclamate. Subse-
quently, conversion was also demonstrated in mice, rats, guinea pigs, rabbits,
monkeys, and pigs, as well as in dogs and humans (15). Cyclamate is, however,
not metabolized to cyclohexylamine by mammalian tissues, but rather the cyclo-
hexylamine is formed by the action of the microflora on the nonabsorbed cycla-
mate remaining in the intestinal tract (15).

Probably the most important feature of cyclamate metabolism is the ex-
treme variability in cyclohexylamine formation. Not all individuals are able to
convert cyclamate to cyclohexylamine, and even among converters, the extent
of conversion varies greatly and often changes in the same individual over time.
Retrospective analyses of studies that attempted to define the incidence of con-
verters indicated that only about 25% of the subjects were able to metabolize
cyclamate to cyclohexylamine (15, 27). The incidence of converters was slightly
lower (�20%) among Europeans and North Americans who were given at least
three daily doses of cyclamate but appeared to be higher among the Japanese
(�80% in studies involving about 60 subjects).

As noted previously, even among those individuals who can convert cycla-
mate to cyclohexylamine, there is substantial intersubject and day-to-day variabil-
ity in the extent of conversion, which can range from �0.1% to �60%. The
frequency distribution curve for cyclamate conversion is, however, strongly
skewed, and only a few individuals are able to form large amounts of cyclohex-
ylamine. It has been estimated that only about 3% of a population converts more
than 20% of a cyclamate dose to cyclohexylamine, and �1% converts 60% or
more (11, 28, 29). The 60% level approaches, on the average, the maximal con-
version possible because only the nonabsorbed cyclamate can be metabolized,
and the absorption of cyclamate averages about 40%.

The conversion of cyclamate to cyclohexylamine also appears to depend
on continuous exposure to the sweetener (15). A single dose of cyclamate will
frequently not be metabolized, and daily ingestion of cyclamate is usually neces-
sary to induce and maintain the converting ability at a high but still variable level.
Furthermore, if cyclamate is withdrawn from the diet for even a few days, the
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ability to metabolize cyclamate is diminished and gradually lost. Hence, intermit-
tent cyclamate use (which might be a typical pattern of use by some people)
would tend to limit the converting ability of an individual.

Because the no-observed effect level (NOEL) in animal toxicity studies is
based on cyclohexylamine, not cyclamate, determination of the extent of conver-
sion is critical for establishing the safe level of use for the sweetener. However,
the skewed nature of the cyclamate conversion curve makes this more difficult.
It is not appropriate to use the mean conversion by an entire group of converters
because most of these subjects would be forming only small amounts of cyclohex-
ylamine. Instead, the best estimate can probably be derived from the average
conversion by a subgroup of high converters. The available data suggest that
among those subjects who converted at least 1% of the dose to cyclohexylamine,
conversion averaged slightly less than 20% (11, 15). If the group was further
restricted to only those subjects converting at least 5% of the dose, the average
level increased only slightly (�25%) (15, 30). A few individuals would, of
course, be converting at higher levels at least some of the time. However, it is
probably not necessary to use the maximal conversion rate in establishing the
acceptable daily intake (ADI) because the large safety factor applied to food
additives compensates for considerable intersubject variability.

In contrast to cyclamate, cyclohexylamine is rapidly and completely ab-
sorbed from the gastrointestinal tract, even from the large intestine where it is
formed (15). The plasma half-life of cyclohexylamine in humans is dose-depen-
dent, increasing from 3.5 hr with a 2.5 mg/kg oral dose to 4.8 hr with a 10 mg/
kg dose (31). The apparent volume of distribution of cyclohexylamine is 2–3
liters/kg, and tissue concentrations typically exceed those in plasma (15, 31).

Cyclohexylamine is primarily excreted unchanged in the urine by both glo-
merular filtration and a saturable transport mechanism (31, 32). Although cyclo-
hexylamine is not extensively metabolized, its biotransformation shows some
species differences (15). The principal metabolic pathway in rats is ring hydroxy-
lation, leading to the formation of the isomeric 3- or 4-aminocyclohexanols,
which account for 5–20% of the dose (33–35). Mice and humans, however, form
negligible quantities of these metabolites (33–35). Only the deamination prod-
ucts, cyclohexanol and trans-cyclohexane-1,2-diol, are found in humans given
cyclohexylamine, and these metabolites represent only 1–2% of the dose (33).
Both ring hydroxylation and deamination occur in guinea pigs and rabbits (33).

XIII. CARCINOGENICITY

In 1969, a 2-year chronic toxicity study with a cyclamate–saccharin mixture was
nearing completion at the Food and Drug Research Laboratories (FDRL) in Mas-
peth, New York. In that study, rats were fed diets containing a 10:1 mixture of
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sodium cyclamate and sodium saccharin to provide daily doses of 500, 1120, or
2500 mg/kg/day (6, 36). The ability of some of the rats from this study to convert
cyclamate to cyclohexylamine had been documented (37), and after 78 weeks,
the diets of half of the animals were supplemented with cyclohexylamine at levels
corresponding to about 10% conversion of the cyclamate dose (i.e., 25, 56, and
125 mg/kg/day). At the conclusion of the study, tumors were found in the urinary
bladder of eight high-dose rats, with four to eight of the tumors being classified
as carcinomas by the different pathologists who reviewed the slides (6). In subse-
quent analyses, the number of tumors increased to 12 and all were considered
carcinomas (36). Calcification of the urinary tract and bladder parasites were
observed in some of these rats and possibly could have affected the results of this
study because both of those factors are known to contribute to the development of
bladder tumors in rats. Furthermore, six of the tumors occurred in consecutively
numbered and presumably consecutively housed male rats, suggesting that some
extraneous environmental factor could also have been involved in the develop-
ment of the tumors. Nevertheless, the results of this study were interpreted as
implicating cyclamate as a bladder carcinogen in rats (6) and led to its removal
from GRAS status and finally to its being banned for use in foods and beverages
in the United States (7, 8).

In the years after this observation, the carcinogenic potential of cyclamate
and cyclohexylamine was reevaluated in a group of well-designed and well-con-
trolled bioassays, which were performed by independent investigators through-
out the world. Cyclamate, including both the sodium and calcium salts, was
tested in at least four separate studies with rats given doses up to 2.5 g/kg/day
(38–43), in three separate studies with mice given doses up to 7–9 g/kg/day
(43–45), and in one study with hamsters given doses up to 3 g/kg/day (46). The
10:1 cyclamate–saccharin mixture that had been used in the original FDRL
study has been tested twice in rats (38, 39, 41, 42) and once in mice (45). Two
studies, one in rats (40) and one in mice (45), even included in utero exposure
of the animals to cyclamate. In addition to these conventional rodent bioassays,
two studies have been conducted in monkeys given cyclamate, with treatment
lasting 8 years in one (200 mg/kg/day) (47) and 20� years in the other (100 or
500 mg/kg/day) (48, 49). Cyclohexylamine, as the hydrochloride or sulfate salt,
was tested in three studies with rats given maximal doses of 150–300 mg/kg/
day (38, 50, 51) and in two studies with mice given maximal doses of 400–600
mg/kg/day (45, 52). A 9-year study was also performed in dogs (53). None of
these studies confirmed the original findings that implicated cyclamate as a blad-
der carcinogen. Instead, when the results of these studies are evaluated in accor-
dance with recognized toxicological and statistical procedures, they provide
strong evidence that neither cyclamate nor cyclohexylamine is carcinogenic in
animals.
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In 1976, the Temporary Committee of the National Cancer Institute that
was charged with reviewing the cyclamate data concluded ‘‘the present evidence
does not establish the carcinogenicity of cyclamate or its principal metabolite,
cyclohexylamine, in experimental animals’’ (54). On receipt of this report, the
Bureau of Foods of the U.S. FDA apparently concurred and reported to the Com-
missioner that ‘‘we think the issue of the carcinogenicity of cyclamate is settled’’
(55). In 1977, the World Health Organization’s Joint Expert Committee on Food
Additives (JECFA) reached a similar conclusion, stating that ‘‘it is now possible
to conclude that cyclamate has been demonstrated to be non-carcinogenic in a
variety of species’’ (56). Nevertheless, carcinogenicity was a major issue in the
1980 decision of the FDA commissioner, who stated that ‘‘cyclamate has not
been shown not to cause cancer’’ and thus denied cyclamate food additive status
(10). However, some toxicological and statistical principles used in this decision
were subsequently challenged by the American Statistical Association (57) and
the Task Force of the Past Presidents of the Society of Toxicology (58).

After submission of the second Food Additive Petition for cyclamate in
1982, the Cancer Assessment Committee (CAC) of the U.S. FDA’s Center for
Food Safety and Applied Nutrition reviewed all the cyclamate data and concluded
that ‘‘there is very little credible data to implicate cyclamate as a carcinogen at
any organ/tissue site to either sex of any animal species tested,’’ that ‘‘the collec-
tive weight of the many experiments . . . indicates that cyclamate is not carcino-
genic,’’ and further that ‘‘no newly discovered toxic effects of cyclamate are
likely to be revealed if additional standardized studies were performed’’ (59). In
1985, the National Academy of Sciences reaffirmed the CAC conclusion stating
that ‘‘. . . the totality of the evidence from studies in animals does not indicate
that cyclamate or its major metabolite cyclohexylamine is carcinogenic by itself’’
(60). The NAS report, however, raised some concern about a possible role of
cyclamate as a promoter. This was largely predicated on two studies involving
direct exposure of the urinary bladder to cyclamate. One involved implantation
of a pellet containing cyclamate in the bladder of mice (61) and the other involved
intravesicular instillation of N-methyl-N-nitrosourea into the urinary bladder of
female rats, which were then given cyclamate in either their food or water (62).
At the request of the FDA, the Mitre Corporation evaluated these models and
concluded that ‘‘both types of direct bladder exposure studies, pellet implantation
and intravesicular catherization, are considered unsuitable for predicting human
carcinogenic risk’’ (63). Thus, once again, it would appear that the carcinogenic-
ity issue has been settled, at least from a scientific point of view, and that it
can be concluded that cyclamate and cyclohexylamine are not carcinogenic in
animals.

The possible association between cancer, particularly bladder cancer, and
the consumption of noncaloric sweeteners by humans has been extensively stud-
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ied during the past 10–20 years. Since the widespread use of cyclamate in foods
and beverages was restricted to a relatively short time span in many countries,
these studies are more applicable to the assessment of the possible carcinogenicity
of saccharin than cyclamate. However, the cyclamate issue was specifically ad-
dressed in some of the studies. The epidemiology studies with the noncaloric
sweeteners have been reviewed by others (64–66), and it has generally been
agreed that there is no conclusive evidence of an increased risk of bladder cancer
associated with the use of these sweeteners.

XIV. MUTAGENICITY

In the 1960s and 1970s, the mutagenic potential of cyclamate and cyclohexyl-
amine was evaluated in many different test systems, including the Ames test and
other microbial gene mutation assays, studies in Drosophila, in vitro cytogenetic
studies, in vivo cytogenetic studies with both somatic and germ cells, dominant
lethal tests, and others. Although there were instances of conflicting or discordant
results, the preponderance of evidence provided by this battery of tests suggested
that neither cyclamate nor cyclohexylamine represented a significant mutagenic
hazard (15, 67, 68). Nevertheless, in the 1980 decision the Commissioner of the
FDA still concluded that ‘‘cyclamate has not been shown not to cause heritable
genetic damage’’ (10).

In 1985 the NAS Committee evaluated the mutagenicity tests with cycla-
mate and cyclohexylamine and found little evidence to conclude that either com-
pound was a DNA-reactive carcinogen (60). They, however, recommended that
additional tests for mammalian cell DNA damage, mammalian cell gene mutation
tests, and more definitive cytogenetic studies be conducted to complete and
strengthen the database for the two compounds. After consultation with the FDA,
both calcium cyclamate and cyclohexylamine were tested in the Chinese hamster
ovary HGPRT forward mutation assay, for unscheduled DNA synthesis in rat
hepatocytes, and in the Drosophila sex-linked recessive lethal assay (69). The
results of these three tests gave no evidence of any intrinsic genotoxicity from
either compound. In addition, dominant lethal and heritable translocation tests
were conducted in male mice given the maximal tolerated dose of calcium cycla-
mate for 6 weeks because the sodium salt had been used in almost all the previous
studies with mammalian germ cells (70). The results of these two tests were
also negative, indicating that the calcium salt did not induce any transmissible
chromosomal aberrations in the germ cells of mice. Thus, these recent studies,
performed according to the currently accepted standards, confirm the previous
conclusions that cyclamate and cyclohexylamine are not mutagenic and do not
cause heritable genetic damage.



Cyclamate 77

XV. OTHER TOXICITY

A. Cyclamate

Although a great many toxicity studies have been conducted with cyclamate and
the cyclamate–saccharin mixture, they have revealed very few pathophysiologi-
cal effects attributable to the sweetener (15). Perhaps the most frequently reported
effects in animals and humans given cyclamate are softening of the stools and
diarrhea. These effects, however, only occur at excessively high doses and are
due to the osmotic activity of the nonabsorbed cyclamate remaining in the gastro-
intestinal tract (71).

B. Cyclohexylamine

Cyclohexylamine is considerably more toxic than cyclamate, and its toxicity lim-
its the use of the sweetener. Because the toxicity studies with cyclohexylamine
have thoroughly been reviewed (15), only the two areas of major concern—
testicular atrophy and cardiovascular effects—will be discussed herein.

1. Testicular Effects of Cyclohexylamine

Numerous toxicological studies have shown that the testes of rats is the organ
that is most sensitive to any adverse effects from cyclohexylamine, and this effect
has been used by JECFA and others as the basis for establishing the acceptable
daily intake for cyclamate. The results of three 90-day studies in rats given cyclo-
hexylamine in the diet indicated that the testes were not adversely affected at
concentrations of 0.2% (approximately 100 mg/kg/day) and below, but at con-
centrations of 0.6% (approximately 300 mg/kg/day) and above testicular atrophy,
characterized by decreased organ weight, decreased spermatogenesis, and/or de-
generation of the tubular epithelium, was observed (72–75). Because the concen-
tration of cyclohexylamine in the food of these animals was held constant, the
milligram per kilogram per day dose ingested by the animals declined over the
3-month study period as the food consumption of the rats relative to their body
weight progressively decreased. To circumvent this problem and to more pre-
cisely define the no-adverse effect dose, an additional study was conducted by
Dr. Horst Brune (76) in Germany. Groups of 100 young male rats were fed diets
containing cyclohexylamine to provide constant daily doses of 50, 100, 200, or
300 mg/kg/day for 3 months. Ad libitum and pair-fed control groups were also
included in the experimental design of this study. The results clearly demon-
strated that 100 mg/kg/day was a NOEL. Slight, but statistically significant, his-
topathological changes were noted in the testes of the rats receiving the 200 mg/
kg/day dose, and marked effects were seen at 300 mg/kg/day. Analysis of all
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the studies involving an effect of cyclohexylamine on the rat testes showed that
the data were quite consistent and confirmed the steep nature of the dose-response
curve, as demonstrated by the Brune study (15). The lack of significant histopath-
ological changes in the testes of rats given a 150 mg/kg/day dose of cyclohex-
ylamine for 2 years (51) and the presence of only mild, sporadic effects in rats
given �175 mg/kg/day dose for 90 days (72) are consistent with the steep dose-
response curve and suggest that the no-effect level might be as high as 150 mg/
kg/day (11). However, 100 mg/kg, which was clearly shown to be a NOEL in
the study of Brune, was adopted as the NOEL by JECFA (77).

Early studies had indicated that mice were less sensitive to the effects of
cyclohexylamine than rats because no testicular changes had been seen in mice
given doses of �300 mg/kg/day (0.3% in the diet) (52). Renwick and Roberts
suggested that this species difference in testicular toxicity might be related to
differences in metabolism because the ring-hydroxylated metabolites of cyclo-
hexylamine (i.e., 3- or 4-aminocyclohexanols) account for about 15–20% of the
dose in male rats but are formed in negligible amounts in mice (34–35). To test
this hypothesis, the metabolism and testicular effects of a 400 mg/kg/day dose
of cyclohexylamine were compared in mice, Wistar rats, and DA rats, a strain
deficit in hydroxylating ability (35). Consistent with the previous findings, the
mice formed only small amounts of the ring-hydroxylated metabolites and did
not develop testicular toxicity. Although the Wistar rats had higher concentrations
of the aminocyclohexanol metabolites in their plasma and testes than the DA
rats, the DA strain appeared to be more sensitive to the cyclohexylamine-induced
testicular effects than the Wistar rats. Thus, the development of testicular atrophy
could not be attributed to the ring-hydroxylated metabolites. Instead, the species
differences in toxicity were related to differences in the pharmacokinetics of
cyclohexylamine (32). The concentrations of cyclohexylamine in the plasma and
testes of rats showed a nonlinear relationship to dietary intake, with substantially
elevated levels occurring at intakes greater than 200 mg/kg/day. This nonlinear
accumulation of cyclohexylamine in the rat testes correlated well with the previ-
ously noted steep dose-response curve for the testicular atrophy. In contrast, both
the plasma and testicular cyclohexylamine concentrations in mice increased lin-
early with intake, even at doses far in excess of 200 mg/kg/day. Furthermore,
the dose-normalized cyclohexylamine concentrations at levels greater than 200
mg/kg/day were considerably higher in rats than in mice, suggesting that the
greater exposure of the rat testes to cyclohexylamine probably contributed to the
greater toxicity in that species. Because these studies clearly demonstrated that
the testicular toxicity of cyclohexylamine was attributable to the parent com-
pound per se and that the rat was more sensitive to this effect than the mouse,
it is appropriate to use the NOEL in rats for determining the acceptable daily
intake of cyclamate in humans.
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2. Cardiovascular Effects of Cyclohexylamine

The other major question about the safety of cyclohexylamine involves its possi-
ble effects on blood pressure. Cyclohexylamine is an indirectly acting sympatho-
mimetic agent, similar to tyramine but more than 100 times less potent than
tyramine (15). Intravenous administration of cyclohexylamine to anesthetized an-
imals causes vasoconstriction and increases both the blood pressure and heart
rate. Despite these acute effects, a rise in blood pressure was not seen in sub-
chronic or chronic toxicity studies with orally administered cyclohexylamine in
rats, even at high doses (0.4–1% in the diet or approximately 200–400 mg/kg/
day) (38, 72).

The cardiovascular effects of single oral doses of cyclohexylamine in hu-
mans have been thoroughly characterized by Eichelbaum et al. (31). They found
that a 10 mg/kg bolus oral dose of cyclohexylamine caused a 30-mm rise in the
mean arterial blood pressure of healthy human volunteers. A smaller increase
was seen after a 5 mg/kg dose, but no significant change in blood pressure oc-
curred with a 2.5 mg/kg dose. A reflex-mediated, slight decrease in heart rate
accompanied the vasopressor effects of the two higher doses. The cyclohexyl-
amine levels in the plasma of these subjects were closely correlated with the
increases in blood pressure, and it was estimated that the lowest cyclohexylamine
concentration to cause a significant hypertensive effect was about 0.7–0.8 µg/
ml. However, the blood pressure in these subjects rapidly returned toward normal
despite the presence of cyclohexylamine concentrations that were associated with
a pressor effect during the absorptive phase. These observations suggested the
rapid development of tolerance or tachyphylaxis to the hypertensive effects of
cyclohexylamine.

Despite the potential of cyclohexylamine to increase blood pressure, there
is no evidence to suggest that such effects actually occur after the administration
of cyclamate. Periodic cardiovascular monitoring in some subjects participating
in cyclamate metabolism studies revealed no changes in blood pressure or heart
rate, even in those individuals who received high doses of cyclamate and were
forming large amounts of cyclohexylamine (27, 29, 78, 79). Moreover, the cyclo-
hexylamine blood levels in some of these subjects approached the concentrations
associated with a rise in blood pressure after a bolus oral dose of cyclohexyl-
amine, yet their blood pressure was apparently not affected (29).

Two human studies conducted in Germany during the 1970s also addressed
the questions of cyclamate conversion, cyclohexylamine blood levels, and possi-
ble cardiovascular effects. In one study the high converters among a group of
44 regular users of cyclamate were initially identified on the basis of their urinary
cyclohexylamine levels. After ingestion of 1.2–1.7 g of sodium cyclamate, the
cyclohexylamine blood levels in three of the high converters ranged from 0.03–
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0.42 µg/ml and were correlated with the urinary cyclohexylamine levels (80). In
the other study, the blood pressure and heart rate of 20 subjects were monitored
three times a day during a 10-day dosing period with sodium cyclamate (81).
Half of these subjects did not convert cyclamate to cyclohexylamine, five were
low converters, and the other five were high converters. However, no significant
changes in blood pressure or heart rate were seen, even in the high converters.
Furthermore, noninvasive hemodynamic studies, which were conducted in six
subjects known to be good converters, failed to reveal any changes that were
attributable to cyclamate or cyclohexylamine, even though the cyclohexylamine
levels in serum ranged from about 0.2–0.6 µg/ml in most subjects and reached
1 µg/ml in one subject (81).

Buss et al. (82) conducted a controlled clinical study investigating the con-
version of cyclamate to cyclohexylamine and its possible cardiovascular conse-
quences in 194 diabetic patients who were given calcium cyclamate (1 g/day as
cyclamic acid equivalents) for 7 days. The incidence and extent of cyclohexylam-
ine formation in this group of subjects were similar to those reported in the earlier
studies; 78% of subjects excreted �0.1% of the daily dose as cyclohexylamine
in urine, but 4% (8 subjects) excreted more than 20% of the daily dose as cyclo-
hexylamine. Similar intersubject variability was observed in the cyclohexylamine
concentrations in plasma, with concentrations of 0–0.01 µg/ml in 168 subjects,
0.01–0.3 µg/ml in 18 subjects, 0.3–1.0 µg/ml in 6 subjects, and �1.0 µg/ml in
2 subjects. A significant correlation was found between the cyclohexylamine
in plasma and urine. The changes in mean arterial blood pressure and heart rate in
the eight subjects with plasma cyclohexylamine concentrations between 0.3 and
1.9 µg/ml were similar to those found in 150 subjects with very low (�0.01 µg/
ml) cyclohexylamine concentrations. In a second study conducted 10–24 months
later, 20 of the subjects were given calcium cyclamate for 2 weeks at a dose of
2 g cyclamic acid equivalents/day (0.66 g tid). Cyclohexylamine concentrations
in plasma, blood pressure, and heart rate were measured every 30 minutes during
the final 8-hr dosing interval. Twelve of the subjects had plasma cyclohexyla-
mine concentrations of 0.09–2.0 µg/ml at the start of the dose interval. Transi-
ent increases or decreases in the cyclohexylamine concentrations were not ob-
served during the 8-hr dosing interval nor were there any significant changes in
blood pressure or heart rate measurements. Collectively, these results indicate
that the metabolism of cyclamate (2 g/day) to cyclohexylamine does not signifi-
cantly affect blood pressure or heart rate, even in those few individuals who are
high converters and have relatively high concentrations of cyclohexylamine in
plasma.

The lack of cardiovascular effects in the subjects who had plasma cyclohex-
ylamine concentrations of 0.3–1.9 µg/ml in the study by Buss et al. contrasts
with the observation by Eichelbaum et al. that cyclohexylamine concentrations
of 0.7–0.8 µg/ml were sufficient to increase the blood pressure of subjects given
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a bolus oral dose of cyclohexylamine. The difference in the cyclohexylamine
plasma concentration-time profiles from the two routes of delivery may offer an
explanation for this discrepancy. A bolus oral dose of cyclohexylamine leads to
a rapid rise and subsequent fall in the plasma concentrations. In contrast, during
periods of cyclamate ingestion, the cyclohexylamine concentrations would in-
crease gradually as metabolizing activity develops and then remain relatively
constant. To further explore this possibility, Buss and Renwick (83) investigated
the relationship between cyclohexylamine concentrations and blood pressure
changes in rats given intravenous infusions of cyclohexylamine. The blood pres-
sure increases in the rats were inversely related to the duration of the infusion,
despite the presence of similar plasma concentrations at the end of the infusion.
In addition, the plasma concentration-effect relationship showed a clockwise hys-
teresis, indicative of tachyphylaxis and similar to that seen in humans in the study
by Eichelbaum et al. Thus, the hypertensive effects of cyclohexylamine primarily
occur when the plasma concentrations are rapidly increasing. Because the kinetics
of cyclamate metabolism would not lead to a rapid increase in the cyclohexyl-
amine concentrations, hypertensive effects would not be expected to occur in
those individuals who are ingesting large amounts of cyclamate and are high
converters.

XVI. REGULATORY STATUS

The regulatory status of cyclamate in the United States is quite simply expressed.
It is still banned from use. Whether the FDA will alter that status will not be
known until their evaluation of the cyclamate Food Additive Petition is com-
pleted. Cyclamate is, however, currently available for use in more than 50 coun-
tries (84). As summarized in Table 1, some countries allow the use of cyclamate
in foods, beverages, or both, whereas others only permit tabletop use. Pharmaceu-
tical use is also permitted in some countries. In 1982, JECFA (77) increased the
acceptable daily intake for cyclamate almost threefold and established an ADI
of 0–11 mg/kg, expressed as cyclamic acid. However, the ADI for cyclamate
may vary from country to country.
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Neohesperidin Dihydrochalcone
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Zoster, S. A. (Grupo Ferrer), Murcia, Spain

I. INTRODUCTION

The sweet taste of neohesperidin dihydrochalcone (hereinafter referred to as
neohesperidine DC) was discovered by Horowitz and Gentili in 1963 while study-
ing the relationships between structure and bitter taste in citrus phenolic glyco-
sides. To their surprise, the product resulting from the hydrogenation of the bitter
flavanone neohesperidin yielded an intensely sweet substance, neohesperidine
DC (1–5). Since then, a large number of variants of the original sweetener have
been synthesized. Some of these represent only small variations on the theme;
others are more radical departures. All were made to gain a better understand-
ing of taste-structure relationships to improve taste quality or raise solubility.
From a practical standpoint, it appears that even the best of the new derivatives
was not significantly better than the original compound. For this reason we will
focus on neohesperidine DC, which is the only sweet dihydrochalcone currently
in use.

At present, neohesperidine DC is receiving renewed interest because of its
recent approval both as a sweetener and as a flavor ingredient. Today, there is
an increasing trend to explore the use of sweetener blends in foods to (a) produce
a sweetness profile closer to that of sucrose, (b) mask aftertaste, (c) improve
stability, (d) meet cost restraints, and (e) reduce the daily intake of any particular
sweetener. Recent developments have shown that if neohesperidine DC is used
at low levels and in combination with other intense or bulk sweeteners, there can
be significant technological advantages in terms of sweetness synergy, positive
impact on taste quality, and flavor-enhancing and modifying properties.
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II. ORIGIN AND PREPARATION

Neohesperidine DC is a glycosidic flavonoid. Flavonoids are a family of natural
substances ubiquitous in the plant kingdom because they occur in all higher
plants. Depending on their chemical structure, they are classified in different
groups, among them are flavanones, flavones, chalcones, dihydrochalcones, and
anthocyanins. Dihydrochalcones are open-ring derivatives of flavanones and are
defined by the presence of two C6 rings joined by a C3 bridge. Several flavanone
glycosides are unique to Citrus (6). Thus, the peels of oranges and grapefruit
contain, as main flavanone glycosides, hesperidin and naringin, which have dif-
ferent applications as a pharmaceutical raw material and as a bittering agent for
the food industry, respectively.

Starting material for the commercial production of neohesperidine DC is
either neohesperidin, which can be extracted from bitter orange (Citrus auran-
tium), or naringin, which is obtained from grapefruit (Citrus paradisii). The syn-
thesis from extracted neohesperidin involves hydrogenation in the presence of a
catalyst under alkaline conditions. The synthesis from extracted naringin is based
on the conversion to phloroacetophenone-4′-β-neohesperidoside, which can be
condensed with isovanillin (3-hydroxy-4-methoxybenzaldehyde) to yield neohes-
peridin. The reactions involved have been described in detail (7–11) and are
summarized in Fig. 1.

Attempts to produce sweet dihydrochalcones by microbiological conver-
sion of flavanone glycosides have also been reported in the literature (12). A
novel biotechnological approach to the synthesis of neohesperidine DC is being
explored by Jonathan Gressel and coworkers at the Weizmann Institute in Israel
(13–18). They have characterized and purified to homogeneity a 52-kDa rhamno-
syl transferase from young pummelo leaves (Citrus maxima) that is able to cata-
lyze the transfer of rhamnose from UDP-rhamnose to the C-2 hydroxyl group of
glucose that is attached by means of C-7-O to naringenin or hesperetin. In other
words, the flavanone 7-β-d-glucosides can be converted in one step to the corre-
sponding flavanone 7-β-neohesperidosides, naringin, and neohesperidin, respec-
tively. Gressel et al. have pointed out that if the gene for the enzyme could be
found, it might, at least in principle, be possible to reintroduce it into cultured
Citrus cells, which could then be used to produce neohesperidin (and, hence,
neohesperidine DC) from hesperetin 7-β-d-glucoside. The latter compound
would be obtained by partially hydrolyzing hesperidin (a readily available by-
product of the orange processing industry) to remove the rhamnose attached at
position 6 of the glucose.

Although neohesperidine DC has not yet been found in nature, several
structurally related dihydrochalcones have been identified so far in about 20 dif-
ferent families of plants (19). Some of them have been consumed for a long time
as natural sweetening agents. Sweet dihydrochalcones have been detected for
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Figure 1 The process of producing neohesperidine DC from flavanones. (A) Naringin;
(B) phloroacetophenone-4′-β-neohesperidoside; (C) isovanillin; (D) neohesperidin;
(E) neohesperidine DC. (Neo-Neohesperidoside.)
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example in the leaves of Lithocarpus litseifolius, a variety of sweet tea from
China (20). Other sweet dihydrochalcones were detected in the fruit of Iryanthera
laevis, which is used in the preparation of a Colombian sweet food (21). As a
recent example of occurrence in processed foods, dihydrochalcone glycosides
have been detected and quantified in different apple juices and jams at levels up
to 15 ppm in an apple compote (22).

III. PHYSICAL PROPERTIES AND STABILITY

Neohesperidine DC is an off-white crystalline powder. The crystals are mono-
clinic, space group P21. X-ray diffraction demonstrated that the molecule is more
or less J-shaped with the β-neohesperidosyl residue forming the curved part of
the J and the hesperetin dihydrochalcone aglycone forming the linear segment
(23, 24).

The solubility of neohesperidine DC in distilled water at room temperature
is low (0.4–0.5 g/l), being freely soluble both in hot (80°C) water and aqueous
alkali. As with other citrus flavonoids (hesperidin, naringin), it exhibits higher
solubility in an alcohol-water mixture than in water or ethanol alone (25). Several
methods for solubility enhancement have been described in the patent literature,
such as preparation of the sodium and calcium salts (26) and combinations with
water-soluble polyols such as sorbitol (27, 28). Solubility in water may also be
enhanced when administered in propylene glycol or glycerol solutions (29). In
any case, because it is used at low concentrations, the solubility in cold water is
not a limitation for application in food and beverages (30).

Stability studies on neohesperidine DC have shown that the product can
be stored for more than 3 years at room temperature without any sign of decompo-
sition. It is slightly hygroscopic taking up water in a saturated environment up
to a maximum of 15% (unpublished observations).

In liquid media and under certain conditions of high temperature and low
pH, the glycosidic bonds are hydrolyzed, forming the aglycone hesperetin dihy-
drochalcone, glucose, and rhamnose (Fig. 2).

The stability of neohesperidine DC in aqueous model systems at various
pHs and temperatures has been studied (31–33). Aqueous solutions at room tem-
perature are quite resistant to hydrolysis to the free sugars and the aglycone as
long as the pH does not fall below 2. (Even if hydrolysis were to occur, there
would not be complete loss of sweetness because the aglycone, hesperetin dihy-
drochalcone, is itself sweet, although not very soluble). The degradation of neo-
hesperidine DC was studied at pH values from 1 to 7 and temperatures ranging
from 30° to 60°C for up to 140 days (33). The hydrolysis of neohesperidine DC
could be represented as a first-order reaction across the range of temperatures
and pHs tested. Optimum pH was 4, although half-life values indicate that no
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Figure 2 Neohesperidine DC degradation under strong acid conditions and high temper-
ature. (A) Neohesperidine DC; (B) hesperetin dihydrochalcone 4′-β-glucoside; (C) hesper-
etin dihydrochalcone.



92 Borrego and Montijano

Table 1 Half-Lives of Neohesperidin Dihydrochalcone
in Aqueous Buffered Solutions at pH 1 to 7 and Different
Temperatures

Half-life (days)

pH 20°C 40°C 60°C

1 1360 55 3
2 2344 248 33
3 8268 1100 172
4 9168 1925 475
5 3074 976 357
6 2962 624 103
7 368 50 10

Source: Adapted from Ref. 33. Data at 20°C are extrapolated values
using the Arrhenius plot.

stability problem would be expected in the pH range (2–6) (Table 1). The Arrhe-
nius plot could be used to predict stability under temperature conditions other
than those checked empirically. By use of this calculation model, it can be esti-
mated that after 12 months at 25°C, the percentage of neohesperidine DC re-
maining unchanged would be 94.8% at pH 3.

It is widely accepted that buffered aqueous solutions are simplified systems
and the data obtained indicate only general trends and do not consider potential
interactions between neohesperidine DC and typical food constituents. Thus, the
stability of neohesperidine DC has also been evaluated under processing and
storage conditions in a number of complex foods.

The stability of neohesperidine DC has been studied during pasteurization
of fruit-based soft drinks under different temperature and acidity conditions. No
significant hydrolysis was detected in orange, lemon, apple, and pineapple even
under severe conditions not used at industrial scale (1 hr at 90°C). Only at the
lowest pH value tested (2.0) was there a significant loss of neohesperidine DC
(8%) after 1 hr at 90°C (34).

With regard to long-term stability, no loss of neohesperidine DC was found
after a 1-year storage period in a lemonade system, either in the dark or when
exposed to light. Similarly, when samples were stored at 40°C for up to 3 months,
no significant change was found in neohesperidine DC concentration (35).

No neohesperidine DC decomposition was noted under the temperature
conditions prevailing during the fruit jam manufacturing process (102–106°C for
35–40 min), as judged by the identical values of nominal concentration included
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in the formulation and the neohesperidine DC concentration in jam, after pro-
cessing, at storage time zero. A statistically nonsignificant degradation of 11%
of the initial neohesperidine DC was observed after 18 months storage at room
temperature (36).

Neohesperidine DC has been shown to remain stable after pasteurization
and fermentation of milk and cold storage of yogurt. These stability properties,
together with the lack of sweetener-related effects in the course of acidification,
suggest that neohesperidine DC could be added, where appropriate, at an early
stage of the yogurt manufacturing process (37).

The degradation of neohesperidine DC at high temperature and pH 6–7
has been studied to estimate losses during thermal processing of nonfermented
milk-based products. An increase in the pH from 6 to 7 produced an increase in
rate constants by a factor of 5. Loss of neohesperidine DC was less than 0.5%
for the pasteurization and UHT sterilization conditions tested, and about 9–10%
for in-container sterilization at 120°C for 10 min at pH 7 (38).

IV. SENSORY PROPERTIES AND APPLICATIONS

Several studies of the sweetness intensity of neohesperidine DC have been pub-
lished. At or near threshold, neohesperidine DC is about 1800 times sweeter
than sucrose on a weight basis (39). As concentration increases, the sweetness
of neohesperidine DC decreases relative to that of sucrose, so that at the 5%
sucrose level it is about 250 times sweeter. However, in other studies, higher
levels of sweetness of 1000 and 600 times that of sucrose were reported at sucrose
concentrations of 5 and 8.5%, respectively (25). From a practical standpoint,
the maximum sweetness contribution to most food products from neohesperidine
DC will not exceed that delivered by 3% sucrose. At this sucrose equivalent
concentration, neohesperidine DC is described as 1500 times sweeter than sucrose
(40).

Temporal characteristics of neohesperidine DC as the sole sweetener con-
trast with those of sugar and other sweeteners such as aspartame because of its
long onset and persistence times, also eliciting a lingering licorice-like cooling
aftertaste (41, 42). An explanation for the slow taste onset of neohesperidine DC
is that some modifications of the molecule must occur within the oral cavity
before the active glucophore is produced. Other explanations for the lingering
taste would involve a strong and slowly reversible binding to the sweet receptor
site with the neohesperidine DC molecule adopting a ‘‘bent’’ active conformation
in elicitation of sweet taste (43–45). X-ray studies contradict these earlier sugges-
tions (24) because it is proposed that the partially extended form of the dihydro-
chalcone is the sweet conformer.
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Many attempts have been described to overcome these limitations by both
chemical derivatization and combination with other substances (27, 28, 46–56).
Thus, for example, recent studies (57) reported that complexation with β-cyclo-
dextrin significantly reduces both the aftertaste and the sweet taste of neohesperi-
dine DC. However, from a practical point of view, the most adequate way to
overcome the negative slow onset of sweetness and lingering aftertaste is to blend
it at low concentrations with other low-calorie sweeteners. With appropriate
choice of blend concentrations, this approach proves to be a fully successful
method of taking advantage of its synergy and flavor-modifying properties.

Substantial enhancement of sweetness in blends of neohesperidine DC with
the relevant intense and bulk sweeteners have been reported with acesulfame K
(58), sucralose (59), and according to more recent studies (40, 60) with the full
range of low-calorie and bulk sweeteners. It, therefore, plays an important role
as a minor component of sweetener blends, in which its contribution to the total
sweetness would be not more than 10%, for any low-calorie foods in which in-
tense sweeteners are normally used.

It is relatively common for sweeteners to modify and enhance flavor while
also eliciting sweetness. In many cases, their flavor-modifying characteristics are
perceived at concentrations above the threshold and could therefore be considered
a consequence of sweetness, rather than a structure-induced effect. On the con-
trary, neohesperidine DC has been consistently shown to modify flavor and en-
hance mouthfeel, not only at suprathreshold, but also at subthreshold concentra-
tions, being thus independent of sweetness induction (61–64). Functionality of
neohesperidine DC as a flavor is closely parallel to that of other flavoring sub-
stances widely used in flavoring preparations: maltol and ethyl maltol. In addi-
tion, remarkable synergistic effects have been described between neohesperidine
DC and maltol and/or ethyl maltol (65).

These flavoring effects of incorporating neohesperidine DC at levels below
the sweetness threshold have been studied in detail in a range of sweet and savory
products by using quantitative descriptive analysis sensory profiles. In all prod-
ucts tested, most of the statistically significant changes were considered beneficial
for overall product quality. In general terms, the flavor-modifying effects of neo-
hesperidine DC may be described as increases in mouthfeel perception and a
general smoothing or blending of the individual elements of the product flavor
profile (61).

It has been proposed that these flavor effects may be a consequence of the
neohesperidine DC ability to reduce the perception of bitterness. The bitterness-
reducing effects of neohesperidine DC were originally reported on limonin and
naringin (39), the compounds responsible of the bitter taste of grapefruit juice.
Thus, for example, at 1% sucrose equivalence neohesperidine DC increased the
threshold of limonin 1.4-fold, being much more effective than sucrose in masking
the bitterness of limonin. Today, bitterness amelioration has been described in
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other bitter-tasting substances, such as paracetamol, dextromethorphan, and other
pharmaceuticals (66), or the formulation of special foods such as energy-boosting
drinks (67).

The ability of neohesperidine DC to mask the unpleasant taste of many
pharmaceuticals and to improve the organoleptic properties of other sweeteners
led us to think about the potential use of this substance also in medicated feed-
stuffs. The positive effect of neohesperidine DC in feedstuffs for farm animals
has been demonstrated, in particular when used as a flavor modifier in blends
with saccharin because of the ability of neohesperidine DC not only to reduce
saccharin aftertaste but also to mask the bitter taste of some components of feed.
Surprisingly, neohesperidine DC has also been shown to act as an attractant for
certain fish such as sea bass and rainbow trout, which suggests its use as an
ingredient in new feeds for cultured fish (68).

V. TOXICOLOGY AND METABOLISM

The safety assessment of neohesperidine DC can be based on data from a number
of toxicological studies conducted at the Western Regional Research Laboratory,
Albany, California. These studies include subacute feeding trials in rats, a three-
generation reproduction and teratogenicity study in rats, a 2-year chronic
carcinogenicity/toxicity in rats, and a 2-year feeding study in dogs (69). The data,
summarized by Horowitz and Gentili (11), showed no evidence of any increased
incidence of tumors that could be associated with the ingestion of neohesperidine
DC, as well as no adverse effect of toxicological significance even in the high-
dose group.

Neohesperidine DC has been checked for mutagenicity in the Ames test;
it is nonmutagenic, regardless of which of the various Salmonella tester strains
is used (70–73). In mice, the compound causes no increase in the normal fre-
quency of micronucleated polychromatic erythrocytes in bone marrow (74).

In 1985–86 a new, detailed study on the ‘‘subchronic (13-wk) oral toxicity
of neohesperidine DC in rats’’ was carried out at the TNO-CIVO Toxicology
and Nutrition Institute in the Netherlands (75). Neohesperidine DC was fed to
groups of 20 male and 20 female Wistar rats at dietary levels of 0, 0.2, 1.0, and
5.0% for 91 days. Only at the 5% level were there any treatment-related effects
(i.e., marginal changes in body weight and food consumption, cecal enlargement,
and slight changes in some of the clinical chemistry variables). These phenomena
were judged to be of little, if any, toxicological significance. Neither the low-
dose nor intermediate-dose groups showed any compound-related effects, and
none of the groups showed any ophthalmoscopical, hematological, or histopatho-
logical changes. It was concluded that the intermediate dose, which translates to
about 750 mg of neohesperidine DC per kg body weight per day, was the no-
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effect level. On the basis of these and the earlier results, the Scientific Committee
for Food of the European Community recognized neohesperidine DC as ‘‘toxico-
logically acceptable’’ in 1987 and assigned it an ADI of 0–5 mg/kg body weight
(76). This ADI is adequate for a wide range of uses.

The metabolism of neohesperidine DC and that of flavonoid glycosides
ingested in substantial amounts with ordinary foods (77) share many features and
result partly in the formation of the same end-products (11). As with other flavo-
noid glycosides, it appears that metabolism is carried out largely by the action
of intestinal microflora. After formation of the aglycone, hesperetin dihydrochal-
cone is split by bacterial glycosidases into phloroglucinol and dihydroisoferulic
acid (representing ring A and B of the parent molecule). The latter compound is
subsequently converted to a spectrum of metabolites that, like phloroglucinol,
also result from the metabolism of certain naturally occurring flavonoids (78).

Excretion studies using [14C] neohesperidine DC showed that, when oral
doses of up to 100 mg/kg body weight were administered to rats, more than 90%
of the radioactivity was excreted in the first 24 hr, primarily in the urine. After
24 hr, only traces of radioactivity could be detected in various tissues.

The caloric value of neohesperidine DC has been estimated to be not more
than 2 cal/g, based on the assumption that the sugar residues are hydrolytically
split and metabolized and that the aglycone is not extensively metabolized. Be-
cause of its high potency, neohesperidine DC would probably afford not more
than 1/1000 as many calories as an equivalent amount of sucrose.

Neohesperidine DC has been proposed as a noncariogenic, nonfermentable
sweetening agent, based on the finding that it is relatively inert to the action of
cariogenic bacteria (79).

VI. REGULATORY STATUS

With the adoption and publication of the EU Sweeteners Directives (Directives
94/35/EC and 96/83/EC) (80, 81) and after their implementation in national food
regulations, the use of neohesperidine DC as a sweetener is authorized in a wide
range of foodstuffs (Table 2). Other countries such as Switzerland, the Czech
Republic, and Turkey have adopted EU legislation.

As a flavor-modifying substance neohesperidine DC has also been included
in the Directive 95/2/EC on Food Additives other than Colours and Sweeteners
(82) for use in an additional number of foodstuffs, most of which, such as marga-
rine, meat products, and vegetable protein products, are clearly not sweet.

During recent years the functionality of neohesperidine DC as a flavor and
flavor modifier has steadily gained recognition in regulatory circles. Thus, neo-
hesperidine DC has been recognized as GRAS by the Expert Panel of FEMA for
use as a flavor ingredient in 16 food categories in 1993 (83) at levels of use
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Table 2 Energy Reduced or with No Added Sugar Foodstuffs and Permitted Use
Levels for Neohesperidin Dihydrochalcone in 94/35/EC and 96/83/EC Directives

Maximum
Foodstuffs level (ppm)

Water-based flavored drinks 30
Milk and milk-derivative–based drinks 50
Fruit-juice–based drinks 30
Water-based flavored desserts 50
Milk or milk-derivative–based preparations 50
Fruit-, vegetable-, egg-, cereal- and fat-based desserts 50
Breakfast cereals with a fiber content of more than 15% and containing at least 50

20% bran
‘‘Snacks’’: certain flavors or ready to eat, prepacked, dry savory starch products 50

and coated nuts
Confectionery with no added sugars 100
Cocoa- or dried-fruit–based confectionery 100
Starch-based confectionery 150
Cornets and waters for ice-cream 50
Cocoa-, milk-, dried-fruit or fat-based sandwich spread 50
Breath-freshening micro-sweet 400
Chewing gum 400
Drinks consisting of a mixture of a nonalcoholic drink and beer, cider, perry, 30

spirit, or wine
Spirit drinks containing less than 15% alcohol by volume 30
Cider and perry 20
Alcohol-free beer or with an alcohol content not exceeding 1.2% vol 10
‘‘Table beer’’ (original wort content less than 6%) except ‘‘Obergãriges Einfach- 10

bier’’
Beers with a minimum acidity of 30 milliequivalents expressed as NaOH 10
Brown beer of the ‘‘oud bruin’’ type 10
Energy-reduced beer 10
Edible ices 50
Canned or bottled fruit 50
Jams, jellies, and marmalades 50
Sweet-sour preserves of fruit and vegetables 50
Fruit and vegetable preparations 50
Feinkostsalat 50
Sweet-sour preserves and semipreserves of fish and marinades of fish, crusta- 30

ceans, and mollusks
Soups 50
Sauces and mustard 50
Fine bakery products for special nutritional uses 150
Complete formulas for weight control intended to replace total daily food intake 100

or an individual meal
Complete formulas and nutritional supplements for use under medical su- 100

pervision
Liquid food supplements/dietary integrators 50
Solid food supplements/dietary integrators 100
Food supplements/diet integrators based on vitamins and/or mineral elements, 400

syrup-type or chewable
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Table 3 GRAS Use Levels for Neohesperidin Dihydrochalcone as
a Flavor Ingredient

Usual use Maximum use
Food category (ppm) (ppm)

Frozen dairy 2 3
Soft candy 2 3
Gelatin and puddings 2 3
Soups 1 2
Nonalcoholic beverages 2 3
Fats and oils 4 4
Milk products 2 3
Fruit juice 2 3
Fruit ices 1 2
Processed vegetables 2 3
Condiments and relishes 2 3
Jams and jellies 2 3
Sweet sauce 2 3
Imitation dairy 3 4
Hard candy 2 4
Chewing gum 4 5

below the sweetness threshold as specified in Table 3. Other countries, such as
Australia and New Zealand, have authorized the use of neohesperidine DC as an
artificial flavoring without any use limitation.

VII. ANALYSIS IN FOODS

High-performance liquid chromatography (HPLC) is the most effective analytical
method for precise and accurate analysis of neohesperidine DC, both as a raw
material (84) and in foodstuffs (29, 85). Other reported methods such as thin-
layer chromatography or ultraviolet spectrophotometry with and without chemi-
cal derivatization lack adequate selectivity and are only useful for quality control
of the pure material. Neohesperidine DC has a different regulatory status, and
hence different conditions of use, depending on the area. It is therefore important
that it can be detected in products at the proposed level of use and that it be
possible to analytically differentiate between flavoring and sweetening use
levels.

HPLC methods to quantitate neohesperidine DC in foodstuffs have been
reported (86–88). Although these previous methods are useful starting points,
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they were limited to one single product or studied foods and beverages with
unrealistically high sweetener concentrations. An analytical method to detect and
quantitate neohesperidine DC in foodstuffs has been developed and validated,
yielding adequate results in terms of precision, accuracy, selectivity, and rugged-
ness to quantitate neohesperidine DC both at flavoring and sweetening use levels
in soft drinks (89). The method has successfully been assayed also in complex
foods such as dairy products, confectionery, and fat-based foods that require se-
lective extraction of the sweetener with appropriate solvents (dimethyl sulfoxide,
methanol, and their blends with water). Acceptable recoveries (�90%) were
found in all tested samples both at flavoring and sweetening use levels. This
method provides sufficient separation between the neohesperidine DC peak and
the corresponding hydrolysis acid products.

Neohesperidine DC is used as a minor component of sweetener blends and
therefore at very low concentrations. However, HPLC techniques allow detection
and quantitation of neohesperidine DC at levels below those that are normally
used for sweetening and flavoring purposes. Thus, detection and quantitation lim-
its for neohesperidine DC, determined by the method based on the standard devia-
tion of the response and the slope, are 0.2 and 0.7 mg/l, respectively. These values
are below the minimum concentration, which shows a technological function in
the final food.

Usually, extraction in dimethyl sulfoxide or alcohols is sufficient for selec-
tive extraction of neohesperidine DC; however, adsorption of neohesperidine DC
onto Amberlite XAD and subsequent fractionation on Sephadex were judged to
be essential steps for successful quantitation of neohesperidine DC in blackcur-
rant jam because of the fact that anthocyanin-related compounds may interfere
with neohesperidine DC in crude extracts (36).

VIII. AVAILABILITY AND PATENT SITUATION

Neohesperidine DC is produced in industrial scale by Zoster, S. A. and marketed
worldwide by Exquim, S. A. under the tradename of Citrosa. Both companies
belong to the pharmaceutical group Ferrer Internacional, S. A.

The original patents, which covered the manufacture of neohesperidine DC,
have expired, although neohesperidine DC has a patent portfolio that covers its
use and applications (63, 64, 68).

DEDICATION

This chapter is dedicated to the memory of Prof. Dr. Francisco Sabater Garcia.
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I. INTRODUCTION

d-tagatose is a low-calorie bulk sweetener with the following properties:

• It has 92% of the sweetness of sucrose.
• It has a reduced caloric value.
• It is noncariogenic.
• It is a prebiotic.
• It is a flavor enhancer.

d-Tagatose or tagatose is a ketohexose in which its fourth carbon is chiral and
is a mirror image of the respective carbon atom of the common d-sugar, fructose.
The CAS number for d-tagatose is 87-81-0. The empirical formula for d-tagatose
is C6H12O6. The molecular weight of d-tagatose is 180.16. The structural formula
for d-tagatose is depicted in Fig. 1, along with that of d-fructose. Tagatose is a
naturally occurring low-calorie bulk sweetener. Tagatose occurs in Sterculia set-
igera gum, a partially acetylated acidic polysaccharide (1). d-Tagatose is also
found in heated cow’s milk, produced from lactose (2) and occurs in various
other dairy products.
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Figure 1 The fourth chiral carbon is a mirror image of fructose. *Designates chiral
carbon.

On the basis of a similarity in sweetness and physical bulk to sucrose, d-
tagatose is intended to be used as a reduced-calorie bulk sweetener. d-Tagatose
is intended to be used as a reduced-calorie sugar replacement in ready-to-eat
cereals, diet soft drinks, frozen yogurt/nonfat ice-cream, soft confectionery, hard
confectionery, frosting, and chewing gum.

Biospherics Inc. of Beltsville, Maryland, patented the process in 1988 and
in 1991 the use of d-tagatose in foodstuffs. In 1996, MD Foods Ingredients amba
(now Arla Foods Ingredients amba) of Denmark bought the exclusive license to
all patents and know-how pertaining to tagatose in foods and beverages and will
be responsible for the production and commercialization of the sweetener.

II. PROCESS

The production of d-tagatose occurs in a stepwise manner, starting from the raw
material lactose, which is then altered with the use of enzymes and various frac-
tionating, isomerization, and purification techniques. Food-grade lactose is hy-
drolyzed to galactose and glucose by passing the solution through an immobilized
lactase column.

The sugar mixture from the enzyme hydrolysis is fractionated by chroma-
tography. The chromatographic separation of glucose and galactose is essential
and is similar to the normal industrial separation of glucose and fructose, using
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the same type of Food and Drug Administration (FDA)–approved calcium-based
cationic resins. The galactose fraction from chromatography is converted to d-
tagatose under alkaline conditions by adding a suspension of technical-grade
Ca(OH)2 and, optionally, a technical-grade catalyst, CaCl2. The reaction is
stopped by adding technical-grade sulfuric acid (H2SO4). A limited number of
side reactions are observed as part of the isomerization process of d-galactose.
The reactions are well known and are typical of those that occur between all
common hexose monosaccharides (like d-fructose and d-glucose) and any source
of hydroxide ion. Tagatose is stable under the conditions of the isomerization
process.

On removal of the gypsum formed, the resulting filtrate is further purified
by means of demineralization and chromatography. The purified d-tagatose solu-
tion is then concentrated and crystallized to give a white crystalline product
(�99% pure) (Fig. 2).

III. GASTROINTESTINAL FATE OF D-TAGATOSE

The rather small difference in chemical structure of d-tagatose compared with
fructose has large implications on the overall metabolism of the sugars. The fruc-
tose carrier-mediated transport in the small intestine has no affinity for d-tagatose,
and only approximately 20% of ingested d-tagatose is absorbed in the small
intestine. The absorbed part is metabolized in the liver by the same pathway
as fructose. The major part of ingested d-tagatose is fermented in the colon by
indigenous microflora, resulting in the production of short-chain fatty acids
(SCFAs).

A. Absorption in the Small Intestine

Among the different dietary monosaccharides, glucose and galactose are ab-
sorbed by an active energy-consuming transport mechanism. Fructose and xylose
are absorbed by carrier-mediated, so-called facilitated diffusion. All other sugars
are absorbed by passive absorption. Although d-tagatose and d-fructose are simi-
lar in terms of molecular structure, they are not taken up in the small intestine
by the same carrier mechanism. In vitro experiments showed that d-tagatose does
not inhibit the absorption of fructose or glucose (at concentrations up to 100
times greater than those of fructose) (3, 4). Binding of d-tagatose to the glucose
and fructose carriers followed by transport across the mucosa can, therefore, be
excluded.

The estimated absorption of radio labeled d-tagatose in rats is approxi-
mately 20% (5). Similarly, less than 26% of ingested d-tagatose was absorbed
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Figure 2 The two-step tagatose production process. (a) d-tagatose is derived from 99%
lactose. (b) Step 1: An enzymatic hydrolysis of the lactose separates it into d-galactose
and d-glucose. (c) Step 2: d-galactose is converted into d-tagatose using a chemical isom-
erization process. (d) The remaining process purifies and crystalizes d-tagatose.
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in pigs according to measurements of the disappearance of d-tagatose from the
digesta (6). Absorption rates of this magnitude are typical for monosaccharides
and polyols of similar size that are absorbed by passive diffusion [e.g., mannitol
(7) or l-fructose and l-gulose (8)]. Because the absorption of d-tagatose is likely
to be even less than that of l-rhamnose, (because l-rhamnose has a slightly lower
molecular weight and is slightly more lipophilic), the fractional absorption of d-
tagatose in humans probably does not exceed 20%.

B. Excretion of D-Tagatose in Urine

A metabolic study with d-[U-14C]-tagatose in rats demonstrated that approxi-
mately 4% of ingested d-tagatose or 20% of absorbed d-tagatose was excreted
with the urine (5). The same study showed that 43% of an intravenous dose was
excreted in the urine of unadapted rats over 48 hr, with most (�90%) being
cleared by the kidneys within 6 hr after dosing.

In a pig study using 20% d-tagatose in the diet, 5% of the ingested d-
tagatose was excreted in the urine, and this was independent of adaptation of
d-tagatose (9). A human study with 30 g of d-tagatose showed 0.7–5.3% of
ingested d-tagatose excreted in the urine (10).

C. Metabolism

The steps involved in the metabolism of fructose and d-tagatose are identical
(11). However, an important difference occurs in the rate of metabolism at the
reaction step, where fructose-1-P and d-tagatose-1-P are split by aldolase to glyc-
eraldehyde and dihydroxyacetone phosphate. Although aldolase acts on both
fructose and d-tagatose, evidence suggests that the rate at which aldolase cleaves
d-tagatose-1-P is approximately 10% that for fructose-1-P (12) (Fig. 3).

Despite the low absorption of d-tagatose, one would expect a small tran-
sient increase in tagatose-1-P and concomitant decreases in Pi and adenosine
triphosphate (ATP). This is because of the low affinity of aldolase b for tagatose-
1-P. An increase of tagatose-1-P stimulates hexokinase activity, inhibits glycogen
phosphorylase activity, and stimulates glycogen synthetase activity. The conse-
quence of these effects on liver enzymes is an increase in the net deposition of
glycogen in the liver. This has, in fact, been observed in the rat (13).

D. Fermentation

Unabsorbed d-tagatose is fermented by intestinal micro-organisms to SCFAs. No
d-tagatose was found in feces of pigs ingesting a 10% d-tagatose diet (6). Simi-
larly, no d-tagatose was found in human feces after a 30-g intake of d-tagatose
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Figure 3 Fructose and d-tagatose use in the liver.

(10). In adapted rats fed a diet with 10% d-tagatose, about 2% of the ingested
dose of 14C-d-tagatose was recovered in feces (5). In unadapted rats, the recovery
of d-tagatose in feces was much higher, approximately 25% of the ingested dose.
Adaptation of the microflora in pigs, which results in increased in vitro fermenta-
tion of d-tagatose, is indicated by the finding of increased numbers of d-tagatose–
degrading bacteria and a disappearance of watery stools after a few days of d-
tagatose ingestion (5, 6).
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IV. USE OF D-TAGATOSE BASED ON BIOLOGICAL
PROPERTIES

d-Tagatose is a sweet-tasting monosaccharide with interesting nutritional and
physiological properties. It is only partly absorbed in the small intestine, and the
major part is fermented in the colon, where it is converted into biomass, SCFAs,
CO2, and H2. d-Tagatose can be considered as a prebiotic on the basis of the
promotion of beneficial bacteria and an increase in the generation of SCFAs,
specifically an increased level of butyrate. Furthermore, the reduced absorption
and special fermentation mean that the caloric value of d-tagatose is a maximum
of 1.5 kcal/g. d-Tagatose consumption does not induce an increase of blood glu-
cose or insulin levels and even blunts the glucose level when d-tagatose is taken
before glucose or sucrose. This makes d-tagatose a desirable sugar substitute for
people with diabetes. d-Tagatose is so slowly converted to organic acids by tooth
plaque bacteria that it does not cause dental caries. It has satisfied the Swiss
regulation as safe for teeth. The aforementioned properties suggest several dietary
applications as products for people with diabetes, prebiotic foods, noncariogenic
confections and low-calorie foods.

A. Caloric Value of D-Tagatose

Ingested d-tagatose is incompletely absorbed from the small intestine of animals
and man. The fractional absorption is about 20% in rats and 25% in pigs. In
humans, the fractional absorption is estimated at not more than 20% on the basis
of data of a structurally related carbohydrate (l-rhamnose). The absorbed fraction
of d-tagatose is readily metabolized through the glycolytic pathway yielding 3.75
kcal/g. The unabsorbed fraction of d-tagatose reaches the large intestine, where
it is completely fermented by the intestinal microflora. The formed SCFAs are
absorbed almost completely and are metabolized. The metabolic fate of d-taga-
tose resembles, therefore, that of other incompletely digested carbohydrates (e.g.,
polyols).

The energy value of d-tagatose was evaluated in two studies in rats and
one study in pigs. A net metabolizable energy value of �0.12 kcal/g was obtained
for d-tagatose in one of the rat studies (14). This may be explained by an inhibi-
tion of absorption of sucrose that was present in the basal diet in a very high
concentration and/or by the relatively low amount of fermentable fiber in the
basal diet. The second rat study suggested a metabolizable energy value of about
1.2 kcal/g (15). Most relevance was attached to the pig study because the diges-
tive tracts of pigs and humans show many similarities. The pig study resulted in
a net metabolizable energy value of 1.4 kcal/g for d-tagatose (16).

Estimation of the net metabolizable energy value of d-tagatose by the facto-
rial method gave a range of 1.1–1.4 kcal/g. In this method, the energy contributed
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by each metabolic step is evaluated separately, taking into account data from all
pertinent experiments (in vitro, in vivo, in humans, in experimental animals).
The factorial approach also takes into account losses of energy that are caused
indirectly by the fermentation of d-tagatose (e.g., increased fecal excretion of
biomass and nonbacterial mass). Based on these studies, the FDA has approved
the use of a factor of 1.5 kcal/g for calculating the caloric value of tagatose.

B. D-Tagatose and Diabetes

A clinical study (17) showed that oral intake of 75 g of tagatose gave no increase
in plasma glucose or serum insulin in either normal persons or people with type
2 diabetes.

The preceding was confirmed in an eight-person (normal subjects) study,
in which oral intake of 30 g of tagatose similarly did not lead to changes in
plasma glucose and serum insulin (18).

Oral tagatose (t � �30 min) blunts the rise in plasma glucose and serum
insulin seen after oral glucose or sucrose (t � 0) in normal and diabetic persons
(17).

In the study with eight persons consuming 30 g of d-tagatose dissolved in
water at t � 0 and being served a sucrose-rich lunch after 4 hr, the 30-g tagatose
blunted the rise in plasma glucose and serum insulin after lunch compared with
the same persons on either water or 30 g of fructose (18)

C. Tooth-Friendly Properties of D-Tagatose

d-Tagatose has been demonstrated to be noncariogenic in two studies using hu-
man volunteers. The evaluation consisted of two phases: (a) an evaluation of the
cariogenicity of d-tagatose using telemetric techniques, and (b) an evaluation of
the cariogenic potential involving subjects’ adaptation to d-tagatose.

During the first phase of testing, a 10% aqueous solution of d-tagatose was
tested for cariogenicity in human volunteers using intra oral plaque-pH-telemetry
(19). Telemetrically recorded plaque-pH values after the ingestion of a substance
at or above the pH limit of 5.7 can be regarded as a criterion of a low cariogenic
potential of the tested food.

For the studies, six persons in generally good health served as test subjects.
The subjects were asked not to alter their eating habits, and with the single excep-
tion of water rinses, they were instructed to refrain from all oral hygiene mea-
sures. Daily recordings of changes in pH were measured after subjects rinsed for
2 min with d-tagatose. Changes in pH were also measured after rinsing with 0.3
mol/l (10%) sucrose, which served as the positive control.

No critical decreases (i.e., �5.7) in the pH of interdental plaque caused by
bacterial fermentation of d-tagatose were noted during either the 2-min d-tagatose
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rinsing periods or during the 30-min periods after rinsing with d-tagatose. The
pH decreases that occurred subsequently to the 0.3 mol/l (10%) sucrose rinses
provided adequate evidence of plaque metabolism and that the pH-telemetric
equipment had functioned properly (Fig. 4).

In phase II, researchers tested whether d-tagatose would be fermented by
plaque bacteria either before adaptation or after bacteria had a chance to adapt
to d-tagatose during a period of frequent exposure. Any fermentation would cause
more acidification in the plaque layers on exposure to d-tagatose. The same six
subjects who participated in the acute d-tagatose telemetric evaluation also served
as test subjects in this study. The subjects were asked not to alter their eating
habits, and with the single exception of water rinses, they were instructed to
refrain from all oral hygiene measures. During the individual periods of plaque
accumulation and adaptation, the subjects rinsed five times a day. Each of the
five rinsing applications consisted of two sequential 2-min rinses with 15 ml of
10% aqueous solutions of d-tagatose. Two-min sucrose rinses at 0.3 mol/l (10%)
served as the positive control. Periods of adaptation to d-tagatose rinsing (from
3–7 days in duration) were arranged to determine whether adaptation influenced
fermentation in the mouth.

The results showed no critical decrease in the pH (i.e., below pH of 5.7)
of interdental plaque either during the rinsing periods or the 30-min periods after
rinsing with d-tagatose. This contrasts with plaque pH after rinsing with sucrose,
which always fell below the critical pH value of 5.7 because of the glycolytic

Figure 4 Measurement of oral pH in unadapted dental trial.
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Figure 5 Measurement of oral pH in adapted dental trial.

production of bacterial acids. A comparison of the pH values of interdental plaque
occurring in subjects who had been adapted to d-tagatose from 3–7 days shows
that these values are similar to the pH values of interdental plaque in the same
subjects when they were unadapted to d-tagatose. It can therefore be concluded
that plaque layers having grown under the constant exposure to d-tagatose were
not more acidified by a 10% d-tagatose rinse than unadapted plaque layers in
the same volunteers (Fig. 5). d-Tagatose has thus been demonstrated to be nonca-
riogenic in both studies.

D. Prebiotic Properties of D-Tagatose

The mucosal surfaces of the intestinal tract are one of the main sites of cell
replication in the human body. In the colon, the epithelial cells are exposed not
only to the circulation and to the endogenous secretions of other mucosal cells
but also to the contents of the colonic lumen, which is rich in food residues, and
to the metabolic products of the microflora (20). Epidemiological and animal
studies suggest that dietary fat and protein may promote carcinogenesis in the
colon, whereas increased fiber and complex carbohydrates in the diet may protect
against colon cancer. Colonic luminal butyrate concentrations are postulated to
be the key protective component of high-fiber diets against colon cancer (21).

Butyrate is one of the SCFAs that are the C2–C5 organic acids. These
compounds are formed in the gastrointestinal tract of mammals as a result of
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anaerobic bacterial fermentation of undigested dietary components and are
readily absorbed by the colonic epithelium. Dietary fiber is the principal substrate
for the fermentation of SCFA in humans; however, intake of fiber is often low
in a typical Western diet. Other undigested components, like starch and proteins,
contribute to the production of SCFAs, as well as the low-molecular-weight oli-
gosaccharides, sugars, and polyols that escape digestion and absorption in the
small intestine. In the mammalian hind gut, acetate, propionate and butyrate ac-
count for at least 83% of SCFAs produced and are present in a nearly constant
molar ratio 60:25:15 (21).

In pig studies, d-tagatose altered the composition and population of colonic
microflora as evidenced by changes in the proportion of SCFAs produced. In
vitro fermentation for 0–4 hr of colonic samples with 1% added d-tagatose from
pigs adapted to d-tagatose for 17 days showed 46 mol% of butyrate, compared
with a normal mol% of 17, resulting from in vitro fermentation for 0–4 hr of
colonic samples from pigs fed the sucrose control diet (22).

Concentrations of butyrate in the cecum and colon of pigs were increased
in a dose-response manner from ingestion of d-tagatose. Similar 12-hr in vitro
incubation of intestinal samples from slaughtered pigs also showed a dose-
response production of butyrate from ingested d-tagatose (23) (Fig. 6).

Increased in vivo concentrations of butyrate were seen in portal vein blood
from both adapted and unadapted pigs. The appearance of butyrate in the portal

Figure 6 12-hour in vitro production of butyrate in pig gut segment slaughtered 6 hr
after feeding.
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vein of unadapted pigs showed an adaptation of butyrate production within the
12 hr of the experimental period (23).

None of the aforementioned studies in pigs, which sample colon contents
and blood samples from the portal vein, can be performed in humans for ethical
reasons. However, pigs and humans have similar gastrointestinal tracts and quali-
tatively the same types of indigenous intestinal bacteria. Therefore, the pig serves
as a good model for humans in digestion and fermentation. To perform human
studies, one has to rely on in vitro studies with d-tagatose added to human fecal
slurries.

In human subjects fed a 10-g dose of d-tagatose three times daily through-
out a 13-day test, the rate of in vitro fermentation (added level of d-tagatose at
1%) was greater with fecal samples of adapted volunteers than unadapted volun-
teers and, similarly, the mol% of butyrate was high (35% versus 22%) in a 4-hr
incubation. After 48 hr, the unadapted fecal incubation also showed increased
mol% of butyrate. Tagatose ingestion was characterized by changes in microbial
population density and species. Pathogenic bacteria (such as coliform bacteria)
were reduced, and specific beneficial bacteria (such as lactobacilli and lactic acid
bacteria) were increased. The enrichment of lactobacilli is consistent with the
screening of pure culture intestinal bacteria, which indicates a high frequency of
d-tagatose fermentation in the tested Lactobacillus strains (24) (Fig. 7).

Figure 7 Influence of d-tagatose on bacterial composition in human feces.
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The intestines of both pigs and humans harbor bacteria that produce buty-
rate as the fermentation end-product. d-Tagatose is a rather rare sugar for intesti-
nal bacteria and is only fermented by a limited genera of bacteria, enterococci,
lactobacilli, and, obviously, some butyrate-producing intestinal bacteria. Other
fibers or undigested carbohydrates are either not a substrate for butyrate-produc-
ing bacteria or are competing for the delivered substrate favoring growth of other
bacteria. A reasonable explanation for the butyrate-inducing effect of d-tagatose
is that butyrate-producing bacteria are favored over most other bacteria when
tagatose is supplied. The adaptation seen with ingestion of d-tagatose in both
pigs and human volunteers is probably due to selection of butyrate-producing
bacteria in the colon. The in vivo absorption study in pigs showed that the adapta-
tion or selection of bacteria takes place within 12 hr. Similarly, the in vitro study
with human feces indicates selection of bacteria within 48 hr of incubation.

Many studies have documented an important role of butyrate in the colon
because it is the major and preferred fuel for the colonic epithelium (25) and
plays an important role in the control of proliferation and differentiation of co-
lonic epithelial cells (20). In contrast to the preceding effects on the normal epi-
thelium, butyrate arrests growth of neoplastic colonocytes (26) and also inhibits
the preneoplastic hyperproliferation induced by tumor promoters in vitro (21).

The lactobacilli and lactic acid bacteria are important inhabitants of the in-
testinal tract of man and animals with functional benefits like maintenance of the
normal microflora, pathogen interference, exclusion and antagonism, immuno-
stimulation and immunomodulation, anticarcinogenic and antimutagenic activ-
ities, deconjugation of bile acids, and lactase presentation in vivo (27). A number
of studies on probiotic bacteria have shown that it is difficult for these bacteria
to colonize the human colon; that is, after stopping the supply of probiotic bacteria
in the diet, they disappear. This makes it more obvious to selectively feed the
Lactobacillus already present in the colon.

On the basis of the preceding documented butyrate stimulation and selec-
tion of bacteria in the colon, d-tagatose is a promising prebiotic food bulk sweet-
ener.

E. Human Tolerance

Extensive human clinical testing has been conducted on d-tagatose to ensure
safety and tolerance (18, 28–34). Testing included a 14-day trial with 30 g given
in a single daily dose, an 8-wk trial with a 75-g daily dosage given as three 25-
g doses, and a 12-month trial with a 45-g daily dosage given as three 15-g doses.
Because d-tagatose is malabsorbed, gastrointestinal effects similar to those of
other undigested sugars would be expected. Unabsorbed molecules in the large
intestine retain colonic fluid and increase water content in the feces, contributing
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to laxation or diarrhea, whereas fermentation by the microflora produces gas,
leading to an increase in flatulence. As seen in clinical trials with tagatose con-
sumption, a 30-g bolus dose was well tolerated by many subjects, and when
gastrointestinal symptoms did occur, they were consistent with the type of effects
produced by an undigested compound.

Tolerance to a 30-g divided dose of d-tagatose was investigated in two
studies (32, 34); results demonstrated that most subjects tolerate this level of
ingestion well. An analysis of all the data available for d-tagatose indicates that
a bolus dose of 20 g or a divided daily dose of 30 g is well tolerated, with some
sensitive individuals experiencing gastrointestinal symptoms including mild
flatulence, laxation, diarrhea, and bloating. The gastrointestinal effects that were
observed in all the clinical studies are consistent with those expected when con-
suming a malabsorbed compound, and there is recognition of interindividual vari-
ability in this response. It is expected that individuals will self-regulate their
consumption of this type of food product on the basis of their own gastrointestinal
response to the consumption.

V. PHYSICAL PROPERTIES

A. Sweetness

To determine the level of sweetness of d-tagatose relative to sucrose, a paired
comparison test was conducted on d-tagatose and sucrose with six trained judges.
This sweetness equivalency taste test was based on the difference threshold
method (35). The sweetness level for d-tagatose was determined by means of
a linear regression plot of the fraction of times that d-tagatose solutions were
chosen as sweeter than 10% sucrose versus the percent d-tagatose concentra-
tion. The point at which judges could not distinguish which solution was sweeter
(at 50% probability) resulted in equivalent sweetness of the d-tagatose solution
to the 10% sucrose solution. This point was 10.8% d-tagatose. On the basis of
this sweetness equivalence taste test, d-tagatose was determined to be 92%
(10/10.8 � 100) as sweet as sucrose in a 10% aqueous solution (Table 1).

B. Flavor Enhancer

To determine whether d-tagatose has specific flavor-enhancing properties, several
tests were performed. These included subjective qualitative evaluation in various
diet beverages and quantitative descriptive analysis profiling in cola beverages
sweetened with aspartame:acesulfame-K blends and with sucralose. The purpose
was to quantify the relative sweetness and mouth-feel–enhancing effects of d-
tagatose.
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Table 1 Relative Sweetness
of Tagatose and Other Sugars
and Polyols

Relative sweetness

Sucrose 1
Fructose 0.8–1.7
Tagatose 0.92
Xylitol 0.8–1.0
Glucose 0.5–0.8
Erythritol 0.50
Sorbitol 0.4–0.7
Lactitol 0.4

At practical use levels, a combination of tagatose and aspartame provides
impressive sweetness synergy. Tagatose is also synergistic with aspartame:ace-
sulfame-K combinations. Consistent changes in flavor attributes have been ob-
served across all sweetener systems. Tagatose speeds sweetness onset times and
reduces bitterness in blends. The mouth-feel characteristics are improved (e.g.,
mouth drying is significantly reduced), the sweet aftertaste is significantly re-
duced, and the bitter aftertaste is reduced. The sensory contributions of tagatose
were found to be universally beneficial.

From the subjective evaluation of aspartame:acesulfame-K sweetened
lemon/lime soft drinks containing 0.20% tagatose we found a fresher and cleaner
flavor profile with more depth of flavor. A cleaner aftertaste with no bitterness
and a fuller, more syrupy mouth feel results.

A subjective evaluation of aspartame:acesulfame-K sweetened cola soft
drinks containing 0.20% tagatose found lemon flavor notes to be enhanced. A
more balanced flavor and sweetness resulted. Less lingering sweetness and en-
hanced mouth-feel were produced.

C. Crystal Form

Tagatose is a white crystalline powder with an appearance very similar to sucrose.
The main difference is the crystal form. Tagatose has a tetragonal bipyramid
form illustrated in Fig. 8.

Crystallization from aqueous solution results in anhydrous crystals in an
α-pyranose form, with a melting point of 134–137°C. In solution, tagatose muta-
rotates and establishes an equilibrium of 71.3% α-pyranose, 18.1% β-pyranose,
2.6% α-furanose, 7.7% β-furanose, and 0.3% keto-form (36).
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Figure 8 Tetragonal bipyramid crystal form of d-tagatose.

Figure 9 Moisture absorbency at different relative humidities.
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D. Hygroscopicity

Tagatose is a nonhygroscopic product similar to sucrose (Fig. 9). This means
that tagatose will not absorb water from its surrounding atmosphere under normal
conditions and does not require special storage.

E. Water Activity

Water activity influences product microbial stability and freshness. Tagatose ex-
erts a greater osmotic pressure, and hence, lower water activity than does sucrose
at equivalent concentrations. The effect on water activity is similar to fructose
(same molecular weight).

F. Solubility

Tagatose is soluble in water and similar to sucrose (Fig. 10). This makes it suit-
able for use in applications where it is substituted for sucrose. The same amounts
produce nearly the same sweetness. Tagatose is suitable for applications like

Figure 10 Solubility of tagatose, sucrose, and fructose in water at different tempera-
tures.
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hard-boiled candy, ice-cream, chocolate, soft drinks, and cereals. Compared with
polyols, tagatose is more soluble than erythritol (36.7% w/w at 20°C) and less
soluble than sorbitol (70.2% w/w at 20°C).

G. Viscosity

Tagatose solutions are lower in viscosity than sucrose solutions at the same con-
centrations but slightly higher than fructose and sorbitol (180 cP at 70% w/w
and 20°C) (Fig. 11).

H. Heat of Solution

Tagatose has a cooling effect stronger than sucrose and slightly stronger than
fructose (Table 2).

I. Chemical Properties

As a ketohexose, tagatose is a reducing saccharide and very active chemically.
Tagatose takes part in the Maillard reaction, which leads to a distinct browning
effect. It also decomposes (caramelizing) more readily than sucrose at high tem-
peratures. At very low and high pH, tagatose is less stable and converts to various

Figure 11 Viscosity at 70% w/w concentration and different temperatures.
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Table 2 Heat of Solution of Tagatose,
Sucrose, and Fructose at Different Temperatures

Heat of solution [kJ/kg]

20°C 37°C

Sucrose �18.2 �23.9
Fructose �37.7 �62.3
Tagatose �42.3 �84.1
Erythritol �79.4 —
Sorbitol �111 —

compounds. However, tagatose can be used satisfactorily in many different appli-
cations at high temperature when process time is kept short. It is relatively
straightforward to produce hard-boiled candy under reduced pressure with taga-
tose.

VI. APPLICATIONS

A. Confectionery in General

Given its low caloric value, its bulking ability, and the same sweetness as sucrose,
tagatose is well suited for confectionery products. In terms of flavor profile, con-
fectionery products with tagatose will be close to products produced with sucrose.

B. Chocolate

Chocolate with reduced calories can favorably be produced using tagatose as a
substitute for sucrose. The sensorial profiles are similar and calorie reductions of
20–25% are obtainable. Chocolate with tagatose can be produced with standard
processing equipment used in the industry today.

C. Hard-Boiled Candies and Wine Gum

Noncariogenic hard-boiled candies with good flavor profile and stability can be
produced with tagatose. When exposed to high temperatures, tagatose seems to
have a behavior similar to that of fructose. Tagatose has a low glass transition
temperature and promotes the Maillard browning effect. Cooked under vacuum
and in combination with other sweeteners (50%–50%) tagatose is suitable for
hard-boiled candies and wine gum.



124 Bertelsen et al.

D. Fondant

Because tagatose has a good ability to crystallize, it is well suited for producing
fondants for low-calorie pralines.

E. Chewing Gum

Tagatose is suited for use in noncariogenic chewing gum, both for kernels and
dragee.

F. Fudge

Tagatose’s ability to crystallize makes it suitable for making fudge. Because taga-
tose caramelizes at a low temperature, the characteristic caramel flavor is easily
obtained.

G. Caramel

Caramel produced with tagatose has a smooth and soft consistency. Browning
and caramel flavor occur because of the low temperature of caramelizing. This
makes tagatose suitable for caramel in chocolates.

H. Ice Cream

Tagatose can replace sucrose in a 1:1 ratio in ice-cream with good results.

I. Soft Drinks

In soft drinks it has been found that tagatose shows significant synergistic effects
at even low doses with combinations of intense sweeteners. When blended with
intense sweeteners, tagatose improves flavor and mouth-feel. It also seems that
tagatose is able to stabilize the sweetness and flavor profile in soft drinks sweet-
ened with blends of aspartame and acesulfame potassium. As aspartame degrades,
sweetness synergy with acesulfame potassium is lost and the balance is shifted
toward acesulfame potassium, which has a more bitter taste. Adding as little as
0.20% tagatose to the sweetener blend provides an element of stable sweetness,
and the tagatose is able to mask the bitter taste of acesulfame potassium, thereby
prolonging the shelf-life of the soft drink.

J. Breakfast Products

The prebiotic effect of tagatose can be well exploited in applications such as
cereals with a dosage level of 15% and granola bars and fruit preparations for
yogurts at 3%.
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In conclusion, tagatose has three major areas of application:

1. Low-calorie bulk sweetener: Based on a significantly lower caloric
value than sucrose, yet having a similar level of sweetness and similar
physical bulking structure, tagatose can be used as a low-calorie bulk
sweetener, replacing sugar and other sweeteners in different applica-
tions at different dose levels.

2. Prebiotic sweetener: Replacing sucrose in various applications and
adding a prebiotic benefit.

3. Flavor enhancer: Tagatose added to sweetening systems based on po-
tent sweeteners or high-intensity sweeteners such as aspartame alone
or combinations of aspartame and acesulfame potassium improves the
flavor profile and the mouth-feel.

VII. TOXICOLOGY AND REGULATORY ASPECTS

Arla Foods Ingredients amba is currently seeking its self-affirmed GRAS status
for d-tagatose in the United States. All relevant studies to document the safety
of tagatose have been performed at FDA-approved research institutes. The key
articles documenting the safety of d-tagatose appear in the April 1999 issue of
Regulatory Toxicology and Pharmacology.

The FDA has approved the use of a factor of 1.5 kcal/g for calculating the
caloric value of tagatose.

VIII. CONCLUSION

With its broad range of properties, tagatose has a unique application profile and
is set to be one of the major low-calorie bulk sweeteners of the future.
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I. INTRODUCTION

Neotame (N-[N-(3,3-dimethylbutyl)-l-α-aspartyl]-l-phenylalanine 1-methyl es-
ter) is a new high-intensity sweetener and flavor enhancer that is currently under-
going international regulatory consideration. Neotame is 7000 to 13,000 times
sweeter than sucrose. It is derived from and is structurally similar to aspartame
but is 30 to 60 times sweeter than aspartame, depending on the sweetness required
in various food or beverage matrices. This zero-calorie sweetener has a clean
sweet taste with no undesirable taste characteristics; neotame is functional and
stable in a wide array of beverages and foods and should require no special label-
ing for phenylketonuria.

Neotame resulted from a long-term research program designed to dis-
cover high-intensity sweeteners with optimized performance characteristics.
French scientists Claude Nofre and Jean-Marie Tinti invented neotame from a
simple N-alkylation of aspartame (1, 2). The NutraSweet Company holds the
rights to a wide range of patents related to neotame.

II. PHYSICAL CHARACTERISTICS AND CHEMISTRY

A. Structure and Synthesis

Neotame is manufactured from aspartame and 3,3-dimethylbutyraldehyde via
reductive alkylation followed by purification, drying, and milling. The N-alkyl
component of neotame, 3,3-dimethylbutanoic acid, occurs naturally in goat

129
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Figure 1 Comparison of chemical structures of neotame and aspartame.

cheese (3). The chemical structures of aspartame and neotame are compared in
Fig. 1.

B. Dry Stability

Dry bulk chemical stability of neotame has been demonstrated for up to 4 years
in studies that are continuing for a total of 5 years. Dry neotame is extremely
stable, with the major degradation product being de-esterified neotame; de-
esterified neotame is formed at extremely low levels by the simple hydrolysis of
the methyl ester group from neotame. De-esterified neotame is also the major
aqueous degradant product and the major in vivo metabolite of neotame. More
strenuous conditions involving higher temperatures and humidity result in the
formation of increased amounts of de-esterified neotame without significant
amounts of other degradation products; thus, neotame maintains an excellent ma-
terial balance even under adverse conditions. Fluorescent lighting and polyethyl-
ene packaging have no effect on the stability of neotame. Stability studies have
confirmed that products containing dextrose, maltodextrin, and neotame are stable
when stored for extended periods of time at relevant storage conditions of ambient
temperature and humidity.

C. Stability in Food Applications

Neotame is stable under conditions of intended use as a sweetener across a wide
range of food and beverage applications. Neotame’s stability has been assessed
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through a systematic approach and demonstrated to be similar to that of aspartame
with the exception of neotame’s greater stability in baked and dairy goods. A
diketopiperazine derivative is not formed.

Neotame maintains stability and functionality over a range of pHs, tempera-
tures, and storage times representing relevant conditions of use. Traditionally,
functionality and stability have been demonstrated for high-intensity sweeteners
by developing data for a large number of categories. This approach generated
extensive redundant data. For example, aspartame stability work was done for
more than 30 different food categories, even though many of the categories have
similar processing and storage conditions. A systematic, chemistry-based ap-
proach to stability testing was therefore established for neotame as determined
by the key chemical and physical parameters that have an impact on the stability
and functionality of a food additive (4).

1. The Matrix System for Stability Determinations

Functionality and chemical stability studies establish that neotame is functional
as a sweetener and flavor enhancer in a variety of food applications when used
in accordance with good manufacturing practices. The functionality of neotame
was demonstrated with a three-dimensional food matrix representing the intended
conditions of use in foods. On the basis of the experience with aspartame and
knowledge of the chemistry of neotame, the three key properties of this food
matrix are temperature, pH, and moisture; these determine the stability of neo-
tame and thus its functionality under intended conditions of use. Studies on the
functionality of aspartame have validated this matrix approach as a predictor of
its stability and functionality in foods within the defined matrix. Similarly, if
neotame is functional in foods at the edges of the matrix, it will be functional
for all food applications that are within the limits of the matrix. The food applica-
tions tested in the matrix under commercially relevant processing and storage
conditions are carbonated soft drinks, powdered soft drinks, baked goods (cake),
yogurt, and hot-packed beverages. These foods represent the ranges of tempera-
ture, pH, and moisture relevant to neotame applications. As predicted by its chem-
istry, neotame’s functionality and stability are similar to that of aspartame with
the exception of greater stability in baked and dairy goods. The representative
positions of these categories within the matrix are shown in Fig. 2.

Carbonated soft drinks (CSD), powdered soft drinks (PSD), cake, yogurt,
and hot-packed still beverages make up most commercial applications for high-
intensity sweeteners. Taken together, these five representative products along
with tabletop products account for greater than 90% of all uses for a high-intensity
sweetener. Thus, these formulations were investigated for stability over the ex-
pected shelf-life of the products. Additional applications selected to assess func-
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Figure 2 Matrix model for neotame applications.

tionality and stability of neotame included powdered tabletop preparations and
chewing gum.

The greatest stability of neotame is in low moisture products such as table-
top preparations and PSD mixes; in these formulations, neotame shows little or
no degradation after significant storage times. Neotame is also stable after normal
commercial processing and storage times for products represented in the matrix
such as hot-packed still beverages, cake, yogurt, and CSD.

Results for the product matrix model demonstrate that neotame is functional
and stable as a sweetener in a wide range of product applications. The products
included in the matrix were chosen to represent the wide range of chemical and
physical conditions (e.g., pH, temperature, moisture) provided during the manu-
facture, packaging, and storage of commercially produced food and beverage
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products. In all products assessed in the matrix model, the stability of neotame
was demonstrated to be comparable or improved relative to aspartame.

D. Degradation Products

1. Neotame is Not Subject to Diketopiperazine
(DKP) Formation

Degradation studies demonstrate excellent mass balance for neotame. No DKP
is formed from the intramolecular cyclization of the dipeptide moiety of neotame
because of the presence of the N-akyl substitution on the aspartyl amino group.
This results in excellent stability of neotame in baking applications. The possible
formation of Maillard reaction products or in vitro nitrosation of neotame was
also assessed to be negligible. Stability studies have confirmed that products con-
taining dextrose, maltodextrin, and neotame are stable when stored for extended
periods of time at relevant storage conditions of ambient temperature and humid-
ity. Neotame is similarly inert to a number of food components such as flavoring
agents and reducing sugars, including fructose.

2. De-esterified Neotame is the Major Degradant

The major route of degradation is the hydrolysis of the methyl ester moiety of
neotame to form de-esterified neotame. De-esterified neotame is the only degra-
dant formed to any extent and is also the major metabolite of neotame found
in humans and animals. Under relevant conditions of use (pH 3.2 and 20°C),
approximately 89% of neotame remained in mock beverage formulations after 8
weeks of storage. On the basis of product survey data, 90% of diet carbonated
beverages are purchased and consumed within 8 weeks of production.

Carbonated soft drinks represent the largest use category for high-intensity
sweeteners; for example, approximately 80% of all aspartame produced is used
in carbonated soft drinks. The relative pattern for neotame use is not expected
to deviate significantly from that of aspartame. Stability studies done with neo-
tame in carbonated soft drinks at anticipated use levels did not result in detectable
levels of degradants other than de-esterified neotame.

III. NEOTAME TASTE PROFILE

Neotame has a clean, sweet taste similar to sugar with no significant bitter, metal-
lic, or other off-tastes. Moreover, this taste profile is maintained over the range
of concentrations required in applications. Taste testing has shown that the sweet-



134 Stargel et al.

ness of neotame increases as concentrations increase. Taste attributes other than
sweetness remain at very low levels even as neotame concentrations increase.

A. Sweetness Intensity

1. Sweetness Related to Sucrose

‘‘Sucrose equivalence’’ or ‘‘% SE’’ is the standardized sweetness intensity scale
established in sweetener research with sucrose as the reference. An x% SE is
equivalent in sweetness to an x% sucrose water solution. Neotame is functional
as a sweetener in food applications at typical sweetness levels ranging from 3%
SE (e.g., tabletop) to 10% SE (e.g., carbonated soft drinks). The concentration-
response (C-R) curve for neotame in water was established by use of a trained
sensory panel to evaluate the sweetness intensity of five solutions of neotame at
increasing concentrations. The results are presented in Fig. 3.

The sweetness potency of neotame is many orders of magnitude greater
than other high-intensity sweeteners. In water, at concentrations equivalent to

Figure 3 Neotame concentration-response curve in water. R � observed response;
Rmax � maximum observed response; C � sweetener concentration; 1/K � concentration
that yields half-maximal response.
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about 3% to 10% sucrose, neotame is 30 times sweeter than saccharin, about 60
to 100 times sweeter than acesulfame-K, and 300 to 400 times sweeter than cycla-
mate (5). Because of its remarkable sweetness potency, neotame will be used in
food at considerably lower concentrations than other high-intensity sweeteners.

Neotame reaches a maximum sweetness intensity of 15.1% SE in water
and 13.4% SE in a cola drink. In contrast, sweeteners such as acesulfame-K,
cyclamate, and saccharin attain their maximum sweetness intensity (plateau) at,
respectively, 11.6% SE, 11.3% SE, and 9% SE in water. Hence, neotame can
be used as a stand-alone sweetener in a broader range of applications than can
acesulfame-K, cyclamate, and saccharin, which are potentially limited in their
use as sole sweeteners at higher concentrations (5).

2. Sweetness Intensity of Neotame

Neotame is 30 to 60 times sweeter than aspartame, depending on the sweetener
application and desired intensity of sweetness. For example, sensory evaluation of
neotame formulated in cola-flavored carbonated soft drinks indicates a sweetness
intensity ratio 31 times that of aspartame in similar products.

3. Use Levels Associated with Flavoring Ingredients

As is the case with other high-intensity sweeteners, the high-intensity sweetness
for neotame varies, depending on the specific food application and conditions of
preparation. However, given its remarkable sweetness, neotame will be used in
lower concentrations than other high-intensity sweeteners. In fact, consumer ex-
posure to neotame is much lower than that for flavoring ingredients such as vanil-
lin, cinnamon, and menthol, which are commonly used in foods and beverages.

B. Sensory Profile of Neotame Versus Sucrose

Neotame exhibits a clean taste profile at a number of use levels relevant to product
applications. Neotame functions effectively as a sweetener and flavor enhancer in
foods and beverages. A trained descriptive panel evaluated a number of different
sweeteners, including neotame and sucrose, at comparable sweetness levels in
water. The taste profile of neotame is similar to that of sucrose, with the predomi-
nant sensory characteristic of neotame being a very clean sweet taste. Other taste
attributes such as metallic flavors, bitterness, sour, and salty are all below thresh-
old levels. The flavor profile of neotame in water at a concentration of 10 mg/L
compared with an 8% sucrose solution is shown in Fig. 4.

The sweetness temporal profile is a key to the functionality of a sweetener
and is complementary to its taste profile. It demonstrates the changes in the per-
ception of sweetness over time. Every sweetener exhibits a characteristic onset
time of response and extinction time. Most high-intensity sweeteners display a
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Figure 4 Taste profile of neotame at various concentrations in water.

significantly longer linger than sucrose. As shown in Fig. 5, the sweetness tempo-
ral profile of neotame in water is close to that of aspartame, with a slightly slower
onset but without significantly longer linger.

Like other intense sweeteners, the temporal profile for neotame is applica-
tion specific. In confectionery applications such as sugar-free chewing gum, neo-
tame’s sweet linger positively extends both sweetness and flavor. In other appli-
cations such as powdered soft drinks, the temporal parameters for neotame,
specifically its onset and linger, are similar to those of sucrose. The onset and
linger of sweetness can be modified by combining neotame with small amounts
of commonly used flavorings or additives such as emulsifiers or acids. The ability
to modify onset and extinction of sweetness by formulation is a distinct advantage
and unique characteristic of neotame.

Neotame can be used as a sweetener either alone or blended with other
sweeteners in foods and beverages. Sensory evaluations in carbonated soft drinks,
powdered soft drinks, cakes, yogurt, hot-packed lemon tea, chewing gum, and
as a tabletop sweetener in hot coffee and iced tea demonstrate the functionality
of neotame in different food and beverage matrices.

C. Flavor-Enhancing Property

Flavor enhancers are substances that can be added to foods to supplement, en-
hance, or modify the original taste and/or aroma of a food without imparting a
characteristic taste or aroma of its own (6). Sensory testing demonstrated flavor
enhancement for neotame at very low subsweetening concentrations.

Flavor-enhancing properties combine with intense sweetness to provide
unique functionality to neotame as a food additive. The flavor synergy of neotame
in fruit-based drinks reduces the amount of juice required to maintain the mouth-
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Figure 5 Comparative temporal profile of neotame vs. sugar and aspartame at isosweet
concentrations in water.

feel of a higher juice level. Neotame maintains tartness, which allows a reduction
in acid use. Neotame allows a significant reduction in mint flavoring required
for chewing gum with no decrease in flavor intensity. Furthermore, neotame
masks bitter tastes of other food ingredients and sweeteners. This unique combi-
nation of properties allows for both improved taste of products and a reduction
in requirements for other added flavors.

IV. UTILITY IN FOOD APPLICATIONS
AND BEVERAGE SYSTEMS

A. Solubility

The solubility of neotame as determined in water, ethyl acetate, and ethanol at
a range of temperatures illustrates how neotame behaves in various food matrices.
Neotame is soluble in ethanol at all temperatures tested. The solubility of neotame
increases in both water and ethyl acetate with increasing temperature. This solu-
bility may create opportunities for food and beverage manufacturers to use neo-
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Table 1 Solubility of Neotame (grams/100 grams solvent)

Temperature Water Ethyl acetate Ethanol

15°C 1.06 4.36 �100
25°C 1.26 7.70 �100
40°C 1.80 23.8 �100
50°C 2.52 87.2 �100
60°C 4.75 �100 �100

tame in a wide range of liquid delivery systems. Table 1 shows the solubility of
neotame in water, ethyl acetate, and ethanol.

The potency, solubility, and stability of neotame offer new opportunities
to design efficient delivery systems to handle neotame and to assure that it is
evenly distributed in food applications. Neotame can be delivered in a wide range
of product forms commonly used in food production processes including solid
and liquid delivery systems.

B. Dissolution

Neotame dissolves rapidly in aqueous solutions because of the low use levels
required for sweetening. For example, the dissolution rate of neotame was deter-
mined in water; the percentages of neotame dissolved from 50-mg samples stirred
into 900 ml of deionized water at 37°C were determined by ultraviolet absorbance
at 1 through 5 minutes. The results indicate that at 2 minutes, 93.0% of the total
neotame had dissolved. Within 5 minutes, 98.6% of the total amount of neotame
had dissolved.

C. Admixture Potential

Blending sweeteners to achieve synergy is a common industry practice. Synergy
can be defined as occurring when the sweetness of a mixture of sweeteners is
greater than the sum of their respective, individual sweetness intensities. Blends
or combinations of two or more sweeteners are being used more frequently to
achieve the desired level of sweetness in food and beverage products. Neotame
is compatible in admixture with other sweeteners, including sugar. Blending neo-
tame with sugar allows significant calorie reduction in products compared with
sugar alone without compromising taste.

The taste profile of sweetened foods and beverages can be tailored to spe-
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cific taste requirements by blending. Sweetener blends offer taste advantages such
as lower off-flavors and more sucrose-like temporal profiles (quicker onset and
shorter sweet linger) than individual sweeteners. In the same way, blends of neo-
tame with other sweeteners will provide opportunities for food manufacturers to
formulate better tasting products. The flavor enhancement quality of neotame,
which masks bitter flavors even at subsweetening levels, makes neotame in ad-
mixture blends a desirable choice with other sweeteners that possess potentially
undesirable or more complex taste profiles.

V. SAFETY

A. Projected Consumption/Exposure

The mean consumption of neotame for all users is estimated to be 0.02 mg/kg
body weight/day. Consumption for 90th percentile users of neotame is estimated
to be 0.05 mg/kg body weight/day. These anticipated consumption levels of neo-
tame provide extremely wide margins of safety when evaluated in light of results
from animal safety studies. Anticipated levels of neotame consumption are based
on known 14-day estimates of aspartame consumption (7–9), a conservative
sweetening intensity ratio for neotame of 31 times that of aspartame, and the
potential for neotame to replace 50% of current market share for aspartame.

B. Safety Evaluation of Neotame

Neotame has been subjected to extensive investigations in toxicological studies
to establish the safety of its use in foods (10, 11). Numerous studies, including
subchronic, chronic, and special studies, have been done in rats, mice, dogs, and
rabbits. In addition, long-term feeding studies were done in rodents to evaluate
carcinogenic potential; teratogenicity studies were done in rats and rabbits to
determine the potential for effects on the fetus; a two-generation study was done
in rats to determine the potential for reproductive effects. Studies including bacte-
rial and mammalian systems evaluated mutagenic potential of both neotame and
its major metabolite. Chronic and carcinogenicity studies in the rat included in
utero exposure to neotame, ensuring that animals were dosed throughout the dura-
tion of the studies from conception to study termination. Safety studies were done
according to the general principles in current U.S. FDA guidelines (12) and other
international guidelines.

Neotame was generally administered in the diet, because this route of expo-
sure is the most relevant to human consumption. Diets were formulated and con-
centrations adjusted regularly to provide dosages in mg/kg/day rather than dosing
at fixed percentages of neotame in the diet. Safety studies were performed with
those strains for which the most complete databases were available; for example,
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study strains included the Sprague-Dawley–derived CD rat, the CD-1 mouse,
the beagle dog, and the New Zealand white rabbit. Microscopic examinations
were done on tissues from all animals at all doses in all key toxicity studies. In
addition, standard and supplemental parameters were evaluated for evidence of
immunotoxicity or neurotoxicity. Findings in these studies are summarized in
the following.

C. General Toxicology and Carcinogenicity

The safety of neotame was established in dietary studies in rats, mice, and dogs.
These studies used a wide range of dose levels for neotame. Test species evalua-
tions included clinical observations, body weight, body weight gain, food and
water consumption, hematology, clinical chemistry, urinalysis parameters, oph-
thalmologic examinations, electrocardiograms (in dogs), and assessments of
gross necropsy findings and microscopic evaluations.

Neotame was well-tolerated in all subchronic studies and was without ad-
verse effects even at high doses (3000 mg/kg/day in the rat, 8000 mg/kg/day in
the mouse, and 1200 mg/kg/day in the dog). There was no test article-related
mortality, and there were no changes in appearance or behavior at any time during
these subchronic studies at dietary doses 24,000 to 160,000 times the anticipated
90th percentile level of human consumption.

Food refusal or spillage was observed when neotame was present at higher
concentrations in the diet. Diets containing extremely high levels of neotame
(providing 1200 to 8000 mg/kg/day) were immediately disliked and partially
rejected. The immediate decrease in food consumption generally followed by
accommodation to near control values suggests poor palatability of the diet. Fur-
thermore, the effect of neotame on food consumption was a function of the con-
centration of neotame in food and not the dosage of neotame consumed. For
example, dogs consumed a higher dosage of neotame when offered a diet con-
taining 3.5% neotame than when offered a diet containing 5% neotame. Special
dietary preference studies in rats confirmed that sufficiently high concentrations
of neotame reduced palatability of diet. Poor palatability of neotame-containing
diet was observed, particularly in rats and mice, as small but consistent reductions
in food consumption as animals approached the body weight plateau of adult-
hood.

One-year dietary studies were done in rats and dogs; 2-year carcinogenicity
studies were done in rats and mice. In rats, both the 1-year and carcinogenicity
studies included parental exposure before mating and in utero exposures for off-
spring; thus, animals used in safety studies were exposed to neotame from con-
ception, during prenatal and postnatal development, and throughout the duration
of the studies. The highest maximum tolerated doses (MTD) in the 1-year studies
were 1000 mg/kg/day in rats and 800 mg/kg/day in dogs. There was no target
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organ toxicity in chronic studies in either the rat or dog. In addition, there was
no evidence of target organ toxicity or carcinogenicity when neotame was admin-
istered for 2 years to rats with in utero exposure at dosages up to 1000 mg/kg/
day, or to mice at dosages up to 4000 mg/kg/day. All nonneoplastic findings
were consistent with those expected of aging rodents.

The no-observed adverse effect levels (NOAELs) were the highest doses
tested in definitive toxicology studies in rats, mice, and dogs. On the basis of the
results of the chronic toxicity and carcinogenicity studies, the NOAEL is at least
1000 mg/kg body weight/day in rats, 4000 mg/kg body weight/day in mice, and
800 mg/kg body weight/day in dogs. Given that consumer exposure to neotame
even at the 90th percentile is so small, margins of safety based on each of these
species are tens of thousands times greater than projected human exposure.

D. Reproduction and Teratology

Sprague-Dawley rats were fed doses of neotame up to 1000 mg/kg for 10 weeks
in males and 4 weeks in females before pairing. Dosing continued throughout
pairing, gestation, and lactation to weaning of the F1 offspring at day 21 of age.
At approximately 4 weeks of age, animals were selected for the F1 generation
and were exposed for 10 more weeks before being bred to produce the F2 genera-
tion. The F2 generation was raised to day 21. Consumption of high doses of
dietary neotame by animals through two successive generations did not result in
any effects on reproductive performance, postnatal development, or development
of the embryo or fetus.

In a teratology study, female Sprague-Dawley rats were fed a neotame-
containing diet to provide doses up to 1000 mg/kg/day for 4 weeks before pairing
and throughout gestation until day 20 after mating. There were no effects on
clinical signs, food consumption, body weights, or weight gains or any evidence
of treatment-related effects on the dams or on their litters. Examination of the
fetuses for external, visceral, and skeletal abnormalities revealed no fetotoxic or
teratogenic effects.

No teratogenicity occurred in rabbits dosed with neotame up to 500 mg/
kg/day by oral gavage between days 6 and 19 after mating. There were no test
article–related clinical observations or postmortem effects in dams or in litters.
There were no teratogenic effects of neotame on fetal examination. The rat and
rabbit reproductive and teratology studies demonstrated that neotame even at high
doses had no effect on reproduction or development of the embryo or fetus.

E. Genetic Toxicology

Neotame was not mutagenic in the Ames assay in five strains of Salmonella
typhimurium and a strain of Escherichia coli when tested at concentrations of up
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to 10,000 µg/plate with or without metabolic activation with liver S9 fraction
from Aroclor-induced rats. Neotame produced no evidence of mutagenic activity
in the mouse lymphoma cell gene mutation assay with and without metabolic
activation at concentrations ranging up to 800 µg/ml. No chromosomal aberra-
tions were detected in Chinese hamster ovary cells after exposure to concentra-
tions of neotame up to 500 µg/mL without metabolic activation and up to 1000
µg/mL with metabolic activation.

Neotame was administered by oral gavage to mice at doses up to 2000 mg/
kg body weight in a bone marrow micronucleus assay. Treatment with neotame
did not induce any changes in the ratio of polychromatic erythrocytes to total
erythrocytes or in the frequency of micronucleated polychromatic erythrocytes
in this assay system. No deaths, clinical signs of toxicity, or changes in body
weight occurred.

In addition to the mutagenicity evaluations with neotame, the major in vivo
metabolite that is also the major in vitro degradant, de-esterified neotame, was
not mutagenic in the Ames/Samonella assay and the xanthine-guanine phosphori-
bosyl transferase mutation assay in Chinese hamster ovary cells. On the basis of
the results of in vivo and in vitro genotoxicity testing, neither neotame nor de-
esterified neotame, the major metabolite and degradant, has the potential for mu-
tagenicity or clastogenicity.

F. Metabolism

Data from both humans and animals show that neotame has an excellent meta-
bolic and pharmacokinetic profile. All metabolites identified in humans were also
present in species used in safety studies. Neotame is rapidly, but incompletely,
absorbed in all species. Radiolabeled doses of neotame are completely eliminated.
The major route of metabolism is to de-esterified neotame. Methanol is produced
in equimolar quantities during the formation of de-esterified neotame whether
through metabolism or degradation; the maximum amount of methanol exposure
at projected 90th percentile consumption of neotame is negligible compared with
levels of methanol considered to be safe (13). Neotame does not induce liver
microsomal enzymes. On the basis of studies with albumin, neither neotame nor
de-esterified neotame is likely to interfere with binding to plasma proteins.

Neotame and de-esterified neotame have short plasma half-lives with rapid
and complete elimination. Peak plasma concentrations of neotame and de-
esterified neotame after an oral dose occur approximately at 0.5 hour and within
1 hour, respectively. Neither neotame nor de-esterified neotame accumulate after
repeated dosing in humans or toxicology species. Absorbed neotame is rapidly
excreted in the urine and feces. In radiolabeled studies, most of the total radioac-
tivity was excreted as de-esterified neotame in the feces in all species and likely
reflects largely unabsorbed neotame in the gastrointestinal tract. A comparison
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of metabolism and pharmacokinetic data in animals and humans demonstrates
that the species used in the toxicology studies are relevant for predicting human
safety.

G. Overview of Clinical Studies

The results from clinical studies demonstrate that neotame is safe and well toler-
ated in humans even in amounts well above projected chronic consumption levels.
These clinical studies included single doses ranging from 0.1 to 0.5 mg/kg body
weight, repeated doses of 0.25 mg/kg hourly for 8 hours totaling 2 mg/kg/day,
and daily doses including 1.5 mg/kg/day for up to 13 weeks in healthy popula-
tions, including male and female subjects and doses of 1.5 mg/kg/day in a popu-
lation of male and female individuals with non-insulin-dependent diabetes melli-
tus (type 2). Specifically, there were no clinically significant or neotame-related
changes in any vital signs, electrocardiogram results, or ophthalmologic examina-
tions. There were no neotame-related observations of clinical significance in any
biochemical, hematological, physiological, or subjective findings. There were no
statistically significant differences between neotame and placebo treatments in
reported adverse experiences. Furthermore, neotame had no significant effect on
plasma glucose or insulin concentrations or glycemic control in the population
with non-insulin-dependent diabetes mellitus.

The 0.25 mg/kg hourly dose in the repeated dose study is equivalent to
consuming about 1 liter of beverage sweetened with 100% neotame every hour
for an 8-hour period. The high dose of 1.5 mg/kg/day in the 13-week study is
equivalent to consuming about 6 liters of beverage sweetened with neotame daily
for 13 weeks. Thus, the results of the clinical studies with neotame with doses
up to 40 times the projected 90th percentile consumption clearly confirm the
safety of neotame for use by the general population.

VI. PATENTS

Neotame was invented by the French scientists Claude Nofre and Jean-Marie
Tinti and patented in 1992 (1, 2). The NutraSweet Company holds the rights to
a wide range of patents related to neotame.

VII. REGULATORY STATUS

Neotame is currently undergoing regulatory review for use as a general sweetener
and flavor enhancer. A petition limited to tabletop use was submitted to the U.S.
Food and Drug Administration (FDA) in December, 1997 (10), and a petition
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for general use of neotame was submitted to FDA in December, 1998 (11). Dos-
siers for the registration of neotame are being submitted to various regulatory
agencies worldwide.

VIII. CONCLUSION

Neotame is a new, noncaloric, high-intensity sweetener and flavor enhancer. Neo-
tame is structurally related to and chemically derived from aspartame but is 30
to 60 times sweeter. Neotame is 7000 to 13,000 times sweeter than sucrose.
Neotame should not require special labeling for phenylketonuria and does not
degrade to a diketopiperazine. Neotame can favorably modify and enhance flavor
and taste at or below sweetening levels. The small amounts of neotame required
for sweetening will reduce the cost of delivering and handling sweeteners.

On a sweetness equivalency basis versus existing sweetener alternatives,
neotame offers the potential to deliver improved cost structure because of its high
sweetness potency and low levels of use.

Consumer exposure to neotame in foods is estimated to be 0.05 mg/kg/day
at the 90th percentile level of consumption. Clinical studies have demonstrated
neotame to be safe and well tolerated in amounts up to 40 times the projected
90th percentile of use. In addition, neotame does not alter glycemic control in
subjects with non-insulin-dependent diabetes mellitus. Margins of safety for neo-
tame in the various species used for safety testing are tens of thousands fold
greater than estimated human exposure levels. Thus, the very large safety margins
in animals and the demonstrated safety in humans at multiples many times 90th
percentile consumption levels establish the safety of neotame for its intended use
as a sweetener and flavor enhancer. The technical and functional qualities of
neotame make this new high-intensity sweetener and flavor enhancer desirable
in a wide variety of food and beverage preparations.
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Saccharin

Ronald L. Pearson
PMC Specialties Group, Inc., Cincinnati, Ohio

The name saccharin is aptly derived from the Latin saccharum for sugar. It is
commercially available in three forms: acid saccharin, sodium saccharin, and
calcium saccharin. These forms have been variously determined to be 200–800
times sweeter than sucrose, depending on the saccharin concentration (1). Cou-
pled with its low cost, this intense sweetness makes saccharin, in all its forms,
the most cost-effective of all currently commercialized sweeteners. The American
manufacturing process uses as its starting material purified, commercially manu-
factured methyl anthranilate, an ester that is found in a number of fruit juices,
notably grape. As a pioneer alternative sweetener, saccharin has had a difficult
history, requiring considerable persistence and effort to overcome its detractors.
It is the only sugar substitute that has been in use for more than a century and
worldwide is the largest volume alternative sweetener produced. Saccharin has
withstood the test of time and has earned a rightful place in our food and bever-
ages.

I. DISCOVERY

Saccharin was discovered by chemists Ira Remsen and Constantine Fahlberg in
May 1878. Fahlberg had received his doctorate at Leipzig in 1873 and was vis-
iting Johns Hopkins University in Baltimore. There, under Professor Remsen’s
tutelage, he worked on the oxidation of o-toluene-sulfonamide as part of Rem-
sen’s ongoing research project (2). To the surprise of both chemists, an elemental
analysis revealed that the oxidation product was the condensed heterocycle o-
sulfobenzimide rather than the expected o-sulfamoylbenzoic acid. Several weeks
later, Fahlberg discovered the intense sweetness of the new compound after spill-
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ing a solution on his hands and later eating bread at dinner. This serendipity was
duly noted in the investigators’ original report (3): ‘‘Sie schmeckt angenehm
süss, sogar süsser als der Rohrzucker.’’ (It tastes pleasantly sweet, even sweeter
than cane sugar.)

Remsen had a personal disdain for commercial ventures. However, Fahl-
berg, an experienced sugar chemist, aggressively pursued the commercial poten-
tial of the new compound. He named it ‘‘Fahlberg’s saccharin’’ and obtained a
U.S. patent (4) without informing Remsen. This professional rudeness was a
source of extreme irritation to Remsen, who summarized his feelings in 1913:
‘‘I did not want (Fahlberg’s) money, but I did feel that I ought to have received
a little credit for the discovery’’ (2).

II. EARLY PRODUCTION

Fahlberg displayed the sweetening power of saccharin in a London exposition
in 1885. This saccharin was manufactured in a pilot plant Fahlberg operated in
New York. Two German patents were issued in 1886 to Fahlberg; these were
assigned to Fahlberg, List and Company. The plant, under the name of Saccha-
rinfabrik A.G., was moved to Westerhusen, Germany. In 1900, Fahlberg reported
an annual production of 190,000 kg. In 1902, partly at the insistence of beet sugar
producers, saccharin production in Germany was brought under strict control, and
saccharin was attainable only through pharmacies (5).

John F. Queeny became acquainted with saccharin sometime in the late
1890s. At that time, he was the purchasing agent for Meyer Brothers Drug Com-
pany in St. Louis, Missouri, which was importing the sweetener from Germany.
Queeny tried to persuade his employer to manufacture the sweetener rather than
import it, but Meyer Brothers did not foresee saccharin as a profitable venture
(6). In 1901, Queeny took his personal savings of $1,500 and, together with
$3,500 obtained from Liquid Carbonic, he began to manufacture saccharin him-
self. He chose his wife’s maiden name in naming his new venture the Monsanto
Chemical Company.

Early production of saccharin was a touch-and-go proposition with rickety
old equipment. Furthermore, saccharin was targeted by several antagonists, the
most aggressive of which was the German cartel known as the Dye Trust. The
Dye Trust waged a price war and cut the price from $4.50 a pound to $1.00 a
pound (6).

Opposition to saccharin also arose from domestic sources. A prominent
food editor of the time, Alfred W. McCann, wrote, ‘‘Saccharin is as false and
scarlet as the glow of health transferred from the rouge pot to the cheek of a
baud’’ (6). Saccharin was also criticized for having no food value or calories,
the very characteristic that distinguished it from sugar. Saccharin remained ap-
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proved for use in the United States partly through the influence of President
Theodore Roosevelt, who was enraged when told by a federal health official that
it might be banned. The president was quoted in 1906 as saying that ‘‘anyone
who says saccharin is injurious to health is an idiot!’’ (7). Support from the
president continued, with Mr. Queeny receiving the following letter, dated July
7, 1911:

I always completely disagreed about saccharin both as to the label and as to
its being deleterious . . . I have used it myself for many years as a substitute
for sugar in tea and coffee without feeling the slightest bad effects. I am
continuing to use it now: Faithfully yours, T. Roosevelt (7).

Saccharin use increased during World War I and immediately thereafter as
a result of sugar rationing. This was particularly evident in Europe (8). By 1917,
saccharin was a common tabletop sweetener in America and Europe. The sweet-
ener was introduced to the Far East in 1923. The consumption of saccharin contin-
ued between the World Wars, with an increase in the number of products in
which it was used. The shortage of sugar during World War II again produced a
significant increase in saccharin use, firmly establishing a need for this alternative
sweetener.

In the early 1950s, the Maumee Chemical Company began to manufacture
saccharin by a novel process developed by O. F. Senn and G. F. Schlaudecker
(9, 10), who helped found Maumee Chemical Company. Maumee’s introduction
of calcium saccharin as a alternate soluble form soon followed. In 1966, the
Sherwin Williams Company acquired Maumee and sold this business to PMC
Specialties Group, Inc. in 1985.

III. CURRENT PRODUCTION

A number of companies around the world manufacture saccharin. Many manufac-
turers use the basic synthetic route described by Remsen and Fahlberg (Fig. 1).
Toluene is treated with chlorosulfonic acid to produce ortho- and para-toluene-
sulfonyl chloride. Subsequent treatment with ammonia forms the corresponding
toluenesulfonamides. The ortho-toluenesulfonamide is separated from its para
isomer (this separation is alternatively performed on the sulfonyl chlorides). The
ortho-toluenesulfonamide is then oxidized to ortho-sulfamoylbenzoic acid, which
on heating is cyclized to saccharin (5).

PMC Specialties Group, the sole U.S. producer, currently uses improved
Maumee chemistry, producing saccharin from purified, manufactured methyl
anthranilate, a substance naturally occurring in grapes (11).

The Maumee process originally diazotized anthranilic acid by adding an
equivalent of sodium nitrite and sulfuric acid (Fig. 2). The resulting diazo solution
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Figure 1 Remsen-Fahlberg process.

Figure 2 Original Maumee process.

Figure 3 Continuous Maumee process.
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was added to sodium disulfide; the product was collected, washed, and dried.
The disulfide was then esterified by treatment with methanol in sulfuric acid and
oxidized with gaseous chlorine to ortho-carbomethoxybenzenesulfonyl chloride.
Amidation with excess ammonia yielded ammonium saccharin, and neutraliza-
tion with sulfuric acid produced insoluble acid saccharin (12).

Today, the Maumee process has evolved into an efficient continuous pro-
cess (Fig. 3). Methyl anthranilate is diazotized to form 2-carbomethoxybenzene-
diazonium chloride. Sulfonation followed by oxidation yields 2-carbomethoxybe-
nzenesulfonyl chloride. Again, amidation of this sulfonylchloride, followed by
acidification, forms insoluble acid saccharin. Subsequent addition of sodium hy-
droxide or calcium hydroxide produces the soluble sodium and calcium forms,
respectively (13).

IV. PROPERTIES

Acid saccharin exists as a white odorless, crystalline powder. It is a moderately
strong acid, with only slight solubility in water. However, its intense sweetness
allows even slight aqueous solubility to be quite sufficient for all sweetener appli-
cations. There are three commercially available saccharin forms: (a) acid, (b)
sodium, and (c) calcium. Sodium saccharin is the most commonly used form
because of its high solubility, high stability, and superior economics. All are

Table 1 Properties of Saccharin Forms

Acid saccharin Sodium saccharin Calcium saccharin

Molecular formula C7H5NO3S C7H4NO3SNa⋅2H2O [C7H4NO3S]2Ca⋅2H2O
Molecular weight 183.18 241.20 440.48
C.A.S. Registry No. 81-07-2 128-44-9 6485-34-3
Melting point (°C) 228–229 �300 �300
Appearance White solid White solid White solid
pKaa 1.30 — —

Solubility (g/100 g water) at:b

20°C 0.2 100 37
35°C 0.4 143 82
50°C 0.7 187 127
75°C 1.3 254 202
90°C — 297 247

a From Ref. 15.
b From Refs. 16, 44.
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manufactured to meet Food Chemicals Codex and U.S. Pharmacopeia/National
Formulary specifications (14a,b). Their properties are listed in Table 1.

Several additional salts of saccharin have been reported. These include sil-
ver, ammonium, cupric, lithium, magnesium, zinc, and potassium. Although all
of these are intensely sweet, none is available commercially. Substitutions on the
nitrogen of saccharin eliminates its sweetness, whereas carbon substitution gives
unpredictable sweetness results (17a,b), although no substituent imparts a greater
sweetness than that of saccharin itself (18).

X-ray crystallography has shown that the acid form of saccharin exists as
dimers formed by hydrogen bonding between the imide hydrogen and the keto
oxygen (19a,b).

V. SWEETENING POWER AND ADMIXTURE POTENTIAL

Saccharin is approximately 300 times as sweet as sugar dissolved in water at 7
wt% concentration. Coupled with sodium saccharin’s low price (approximately
$3.00/lb), this sweetening factor means that a penny’s worth of saccharin has
the sweetening power of 1 pound of sugar. The relative economics of current
commercial sweeteners are compared in Table 2, showing that all the saccharin
forms are by far the least expensive per sweetness equivalent.

In 1921, Paul observed that saccharin’s sweetening power relative to su-
crose increases with decreasing concentration (20). Recent data were used in
Fig. 4, which again demonstrates the dramatic increase in sweetening potency,
relative to sucrose, with decreasing sweetener concentration (1). He found a simi-
lar concentration effect with dulcin, another alternative sweetener used at the
time, but that is no longer approved. Paul made the remarkable observation that
when these two sweeteners are blended, each sweetener retains its higher sweet-
ening power in the presence of the other. For example, to achieve a sweetness
equal to a 9% sucrose solution, individually 450 mg/l of saccharin or 1250 mg/l
of dulcin is required. But this 9% sucrose solution is also equaled with a blend
containing 190 mg/l of saccharin plus 120 mg/l of dulcin, only 310 mg/l in total.
Individually, the 190 mg/l of saccharin is equivalent to a 6% sucrose solution,
whereas the 120 mg/l of dulcin is equivalent to a 3% sucrose solution. Thus by
blending the two sweeteners, Paul was able to ‘‘add’’ their individual sweetening
equivalencies and achieve the same sweetness with less total sweetener. This
effect is more completely demonstrated by Paul’s data presented in Table 3.

Today, this phenomenon of increasing sweetening power with decreasing
concentration has been established for many sweeteners (21, 22), and additive
effects have been reported for blends of saccharin with several other sweeteners.
In addition, the blend is frequently sweeter than would be predicted by the addi-
tive effect. This enhanced effect is termed ‘‘synergistic.’’ Table 4 lists various
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Table 2 Economics of Commercial Sweeteners

Sweetness/lb (1) Relative cost
compared with $/sweetness

sucrose at a sodium
concentration of saccharin � 1.0

Cost
Sweetener 3 wt% 7 wt% ($/lb) 3% 7%

Sodium saccharin 2H2O 500 300 2.75a 1.0 1.0
Acid saccharin — 370 5.00a — 1.5
Calcium saccharin 2H2O 500 300 5.25a 1.9 1.9
Sodium cyclamate 29 29 2.27b 14.2 8.5
Aspartame 231 159 30.00b 23.6 20.6
Acesulfame K 188 97 37.00b 35.8 41.6
HFCSc (55%) 1.0 1.0 0.25b 45.5 27.3
Sucralose 664 558 — d — —
Alitame 4170 2690 — d — —
Sucrose 1.0 1.0 0.36e 65.5 39.3

a PMC Specialties Group, Fall/1998.
b Typical price, Fall/1998.
c High fructose corn syrup.
d Currently not being marketed, Fall/1998.
e Chemical Marketing Reporter, 12/7/98.

Figure 4 Sweeting power of saccharin vs. concentration. (From Ref. 1.)
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Table 3 Additive Effect of Saccharin-Dulcin Blends

Saccharin Dulcin

Sweetening Sweetening Blend
power powerSucrose concentration

(saccharin/ (dulcin/ Saccharin Dulcin Total
(g/l) (weight %) Conc. (mg/l) sucrose) Conc. (mg/l) sucrose) (mg/l) (mg/l) (mg/l)

10 1 20 500 30 333 — — —
20 2 30 667 55 364 — — —
30 3 55 545 120 250 — — —
40 4 100 400 290 138 55 30 85
50 5 150 333 450 111 55 55 110
60 6 190 316 665 90 100 55 155
70 7 280 250 855 82 150 55 205
80 8 370 216 1050 76 190 55 245
90 9 450 200 1250 72 190 120 310

100 10 535 187 1430 70 280 120 400

Solutions were of equivalent sweetness.
Source: Ref. 20.
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Table 4 Saccharin Admixture Potential

Binary mixture
saccharin � Sweetness enhancement Reference

Aspartame Synergistic 21
Acesulfame K Additive 21
Cyclamate Synergistic 21
Sucralose Synergistic 23
Alitame Synergistic 21
Sucrose Synergistic 21
Fructose Synergistic 21
Dulcin Additive 20

binary blends with saccharin and their reported effect on sweetness intensity.
Whether synergistic or merely additive, sweetener blends provide an obvious
economic advantage.

Typically, saccharin is formulated with either other sweeteners or masking
agents to avoid a bitter aftertaste perceived by certain individuals only at higher
concentrations. Many high-intensity alternative sweeteners follow a similar trend
of becoming more bitter as their concentration increases (24). Fortunately, the
bitter taste threshold concentration is higher than the sweet taste threshold con-
centration (24). In addition, the bitter threshold concentration for saccharin (25)
depends on the formulation constituents as does its sweet taste threshold concen-
tration. Only 25% of the population is able to detect this aftertaste (26), which
is apparently intrinsic to the saccharin molecule itself rather than to the presence
of a potent impurity (27). This use of multiple sweeteners allows the food formu-
lator to take advantage of (a) improved economics offered by saccharin, (b) any
synergy or additive effect among the sweeteners, and (c) avoidance of undesirable
taste consequences caused by any single sweetener constituent.

The earliest blends were composed of saccharin and dulcin (28). Later,
before its U.S. ban in 1969, sodium cyclamate was used extensively with saccha-
rin (29) in the rapidly growing diet soft drink market. This combination is syner-
gistic and mutually beneficial because cyclamate alone also has objectionable
taste characteristics. The taste profile of a 10:1 cyclamate:saccharin blend has
been found to be similar to that of sucrose (30). This cyclamate:saccharin blend
purportedly possessed a clean overall taste similar to sucrose and was very cost-
effective.

More recently, blends of saccharin and aspartame have been used in low-
calorie soft drinks (31). Binary saccharin blends with other dipeptides (32, 33),
acesulfame K (34), sucralose (23), and ternary blends with cyclamate and aspar-
tame have also been reported (35–37). Even sucrose or fructose and saccharin
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Table 5 Flavor Profile and Cost Comparison of Saccharin/Aspartame Blends at 4% Sucrose Equivalency in Water

70% CS 70% NS 30% CS 30% NS
100% APM 30% APM 30% APM 70% APM 70% APM

Concentration (mg/liter) 180 77 77 33 33
33 33 77 77

Cost for one million 11,880 889 466 381 200
liters ($) 2,178 2,178 5,082 5,082

3,067 2,644 5,463 5,282
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Table 6 Flavor Profile and Cost Comparison of Saccharin/Aspartame Blends at 10% Sucrose Equivalency in Water

70% CS 70% NS 30% CS 30% NS
100% APM 100% CS 30% APM 30% APM 70% APM 70% APM

Concentration (mg/ 600 300 196 196 84 84
liter) 84 84 196 196

Cost for one million 39,600 3,465 2,264 1,186 970 508
liters ($) 5,544 5,544 12,936 12,936

9,808 6,730 13,906 13,444
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blends can provide reduced-calorie products with good taste characteristics (38–
40) at lower cost.

The blending of either sodium saccharin (NS) or calcium saccharin (CS)
with aspartame (APM) is an example of the economic advantage that can be
achieved without attendant loss of taste aesthetics. Tables 5 and 6 display the
lack of increased bitterness as saccharin is raised to 30% of the saccharin/aspar-
tame blend, even when matching a 10% sucrose solution. The economic incentive
is dramatic because the 30% saccharin/70% aspartame blends have a cost ranging
between one third to one half that of aspartame alone.

Increasing the saccharin content to 70% did result in increased bitterness;
therefore, there is a limit to how much saccharin can be formulated into a blend.
Substitution of the calcium ion for the sodium ion gave equal sweetness with
marginally less bitterness.

A second approach to the use of saccharin is the use of ‘‘masking agents.’’
A popular tabletop sweetener uses cream of tartar and dextrose as masking agents
(41). Many of these are described in reviews by Bakal (35) and Daniels (42),
with new versions continually being added to the list (43).

Most food and beverage literature assessing the improved taste of saccharin
blends has focused on sodium saccharin. Recently, the calcium salt of saccharin
has been found to possess a shorter, cleaner aftertaste with less bitterness (44).
In blends with other sweeteners, calcium saccharin may offer improved taste
aesthetics.

No single alternative sweetener available today closely matches the full
taste attributes of natural sugar. Moreover, these alternative sweeteners all have
one or more additional disadvantages such as poor solution stability, high cost,
or objectionable taste characteristics. By blending saccharin salts with other
sweeteners, the food chemist can economically provide low-calorie foods and
beverages with optimized taste characteristics while minimizing any single sweet-
ener’s weakness (45). This multiple sweetener concept is more completely de-
scribed in Chapter 24.

VI. STABILITY AND SHELF-LIFE

In its bulk form, saccharin and its salts show no detectable decomposition over
periods as long as several years (44). Another major advantage of saccharin and
its salts is high stability in aqueous solutions over a wide pH range. With saccha-
rin, the food and beverage formulator does not have to compromise taste aesthet-
ics by altering the pH to minimize sweetener hydrolysis. Thus, taste is maintained
over a longer shelf-life.

In 1952, DeGarmo and coworkers studied the stability of saccharin in aque-
ous solutions (46). They found that saccharin solutions buffered at pHs ranging
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Figure 5 Hydrolysis of saccharin.

Figure 6 Saccharin hydrolysis at 20°C (68°F).

Figure 7 Saccharin hydrolysis at 40°C (104°F).
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Figure 8 Saccharin hydrolysis at 80°C (176°F).

from 3.3–8.0 were essentially unchanged after heating for 1 hr at 150°C. More
recent work that uses high-performance liquid chromatographic techniques has
confirmed their findings (44). Only under severe laboratory conditions of high
temperature, high and low pH, over an extended period does saccharin hydrolyze
to a measurable extent. The only hydrolysis products are 2-sulfobenzoic acid and
2-sulfamoylbenzoic acid (Fig. 5) (46). Hydrolysis curves for sodium saccharin
at various temperatures and pHs are shown in Figures 6, 7, and 8 (44).

VII. FUNCTIONALITY

Over the last century saccharin and its salts have found their way into a variety
of beverages, foods, cosmetics, and pharmaceuticals. Its primary function is to
provide sweetness safely and economically without the attendant calories. Sac-
charin is used as a noncaloric sweetener in the following foods and beverages:

Soft drinks, fruit juice drinks, other beverages, and beverage bases or mixes
Tabletop sweeteners in tablet, powder, or liquid form
Processed fruits
Chewing gum and confections
Gelatin desserts, juices, jams, and toppings
Sauces and dressings

In addition, over the past century saccharin has found use in a variety of
nonfood applications, including (a) nickel electroplating brightener (47), (b) ag-
ricultural chemical intermediate (48, 49), (c) animal food sweetener (50), (d)
pharmaceutical chemical intermediate (51), (e) chemical intermediate for a mam-
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malian repellant (52, 53), (f ) biocide intermediate (54), (g) anaerobic adhesive
accelerator (55, 56), (h) personal care products (57), and (i) pharmaceutical taste
modifier (58). The chemistry of the molecule saccharin has been the subject of
several reviews (59–61).

VIII. METABOLISM

Saccharin is not metabolized by humans. No metabolism has been detected in
studies that used modern analytical techniques. Treatment of rats by a variety of
means has attempted to optimize the detection of minor metabolic pathways, but
all have failed to reveal biotransformation. Most data on the biotransformation
of saccharin demonstrates that saccharin is excreted unchanged, predominately in
the urine, in both humans and laboratory animals (62). Low levels of metabolites
reported in three early studies represent artifacts resulting from inadequate tech-
niques and/or impurities in the saccharin used (63).

IX. TOXICOLOGICAL EVALUATION

Saccharin has been the subject of extensive scientific research and debate. It is
one of the most studied ingredients in the food supply. Although the totality of
available research indicates saccharin is safe for human consumption, there has
been controversy over its safety. The controversy rests primarily on findings of
bladder tumors in some male rats fed high doses of sodium saccharin (64–67).

Recent saccharin research has concentrated on understanding the mecha-
nism of saccharin-related tumor formation in the male rat. The saccharin-related
tumors observed in male rats are the result of a sequence of events that begins
with the administration of high doses of sodium saccharin. This leads to the
formation of a urinary milieu conducive to the formation of a calcium phosphate–
containing precipitate that is cytotoxic to the urothelium. This, in turn, leads
to a regenerative hyperplasia, which persists over the animal’s lifetime if the
administration of sodium saccharin continues, resulting in the formation of blad-
der tumors. The no effect level for the hyperplastic response to sodium saccharin
is 1% of diet, and this is identical to the no-effect level for the hyperplastic
response to sodium saccharin, tumor promotion, and the tumors observed in the
two-generation bioassays (68). Administration of high doses of other sodium salts
(e.g., sodium ascorbate) produces effects similar to those of high doses of sodium
saccharin (69, 70).

Extensive research in human populations has shown no increased risk of
bladder cancer in humans. More than 30 human studies have been completed,
supporting saccharin’s safety at human levels of consumption (71).



162 Pearson

In 1997, a special International Agency for Research on Cancer (IARC)
panel determined the bladder tumors in male rats resulting from the ingestion of
high doses of sodium saccharin are not relevant to man. In 1998, IARC down-
graded saccharin from a Group 2B substance, possibly carcinogenic to humans,
to Group 3. Substances may be placed in Group 3 when there is strong evidence
that the mechanism of carcinogenicity in experimental animals does not operate
in humans. This was the first time IARC had considered mechanistic data (72).

In 1996, the Calorie Control Council submitted a petition to the U.S. Na-
tional Toxicology Program (NTP) requesting that, under the program’s new crite-
ria allowing for the consideration of mechanistic data, saccharin be delisted from
the NTP’s Ninth Report on Carcinogens. In May 2000, the NTP released the 9th
edition and announced that saccharin had been delisted (73).

X. REGULATORY

Saccharin is a widely used noncaloric sweetener available for use in more than
100 countries. In the United States, it is approved for use under an interim food
additive regulation, permitting use for special dietary and certain technological
purposes (74). In 1977, the U.S. Food and Drug Administration proposed a ban
on saccharin as a result of studies reporting bladder tumors in some male rats
fed high doses of sodium saccharin. The U.S. Congress passed a moratorium
preventing the proposed ban. The moratorium has been extended seven times.
The current moratorium is in effect until May 1, 2002. In 1991, the FDA for-
mally withdrew its 1977 proposed ban on saccharin. On December 21, 2000,
U.S. President Bill Clinton signed legislation removing the saccharin warning
label that had been required on saccharin-sweetened foods and beverages since
1977 (75).

In 1993, the Joint Food and Agriculture/World Health Organization Expert
Committee on Food Additives reviewed saccharin and doubled its acceptable
daily intake. The Committee noted that the animal data which earlier raised ques-
tions about saccharin are not considered relevant to man (76). Saccharin also has
been evaluated and determined safe by the European Union’s Scientific Commit-
tee for Food (77).

XI. CONCLUSION

Saccharin has been used to sweeten foods and beverages for more than a century
and remains an important sweetener. It is one of the most researched food ingredi-
ents available, having been studied in rats, mice, hamsters, monkeys, and humans
and determined to be safe for human consumption.
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Stevioside

A. Douglas Kinghorn, Christine D. Wu, and Djaja Djendoel Soejarto
University of Illinois at Chicago, Chicago, Illinois

I. INTRODUCTION

Stevia rebaudiana, a South American plant, is the source of the highly sweet
ent-kaurenoid diterpene glycosides, stevioside, rebaudioside A, and several other
sweet-tasting analogs. Although stevioside, the major sweet constituent of this
species, was first isolated in impure form in the first years of the 20th century,
this compound was not used extensively as a sweetener until its development for
this purpose by a group of Japanese manufacturers in the early 1970s. Currently,
the largest use of stevioside remains in Japan, although this compound is used
increasingly in South Korea. For this compilation, we have had access not only
to the previous versions of this chapter (1, 2) but also to other recent reviews on
stevioside, rebaudioside A, and ‘‘sugar-transferred’’ stevioside (3–5). Particular
emphasis in this chapter will be made on the latest additions to our knowledge
of stevioside.

II. PRODUCTION

S. rebaudiana (Bertoni) Bertoni is a member of a New World genus of 150–300
species that belong to the tribe Eupatorieae of the family Asteraceae (sunflower
family). The plant may reach a height of 80 cm when fully grown and is native
to Paraguay in the Department of Amambay, in particular the slopes and valleys
of the Cordillera of Amambay on the border of Paraguay with Brazil (2). Al-
though high concentration levels (10% or more) of stevioside and other sweet
diterpene glycosides occur in dried S. rebaudiana leaves, this type of sweet com-
pound appears to be rare in the genus Stevia as a whole. When 110 Stevia leaf
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herbarium specimens were analyzed organoleptically and chemically for the pres-
ence of sweet compounds, stevioside was found in only one species in addition
to S. rebaudiana, namely, S. phlebophylla A. Gray, a Mexican species that may
now be extinct (2).

The commercialization of S. rebaudiana leaves for sweetening and flavor-
ing purposes has been quite rapid since first being introduced to Japan. More
than 100 food and beverage items containing S. rebaudiana sweeteners are now
commercially available in Japan, and in a recent year, about 200 metric tons of
purified stevioside and other sweetener products were prepared from about 2000
metric tons of dried plant leaves (6) (Table 1). As has been the case for some
time (2), most S. rebaudiana leaves for the Japanese market are cultivated in
the People’s Republic of China, especially in Fujian, Zhejiang, and Guangdong
provinces (2). Cultivation of S. rebaudiana for the Japanese market also occurs
in Taiwan, Thailand, and Vietnam. Stevioside now occupies 40% of the sweet-
ener market in Korea, with most of this being used in the sweetening of the
alcoholic beverage, soju, and produced from leaves of S. rebaudiana grown in
the People’s Republic of China (7). Production also occurs in southern Brazil
for the market in that country (3). In recent years, publications have appeared
describing the possibility of establishing the cultivation of S. rebaudiana in addi-
tional countries such as Canada (5), the Czech Republic (8), India (9), and Russia
(10). Information on the propagation of S. rebaudiana from cuttings and seed
and cultivar development has been documented recently (5).

Methods for the production of extracts of S. rebaudiana containing stevio-
side in varying degrees of purity have been summarized (1, 2). Much of this type
of information has appeared in the patent literature, especially from Japan. Most

Table 1 Use of Stevia rebaudiana Extracts in the Japanese
Food Industry in 1995a

Food item Percent of total

Japanese-style pickles 28.1
Beverages and yogurt 17.1
Dried seafoods 12.6
Ice cream and sherbert 12.6
Tabletop sweeteners and miscellaneous 7.4
Soy sauce and soy paste 6.3
Mashed and steamed fish and meat 4.9
Seasonings 4.8
Confectionery and bread 3.5
Seafoods boiled down with soy sauce 2.7

a As estimated by Maruzen Pharmaceuticals Co., Ltd. (11).
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methods for the purification of stevioside entail initial extraction into an aqueous
solvent, followed by refinement involving one or more of selective extraction into
a polar organic solvent, decolorization, precipitation, coagulation, adsorption, ion
exchange, and crystallization (1, 2).

III. PHYSICAL AND ORGANOLEPTIC PROPERTIES,
SOLUBILITY, AND STABILITY

Although chemical work to determine the structural nature of stevioside began
at the turn of the past century, more than 60 years elapsed before the structure
of this compound was finally elucidated. A group at the National Institutes of
Health in Bethesda, Maryland, was able to show that one sugar unit of stevioside
occurs as a d-glucopyranosyl functionality attached β to a carboxyl group,
whereas the second is a sophorose [2-O-(β-d-glucopyranosyl)-d-glucose] unit
attached β to an alcoholic group on the aglycone (1, 2). The structure and stereo-
chemistry of steviol (ent-13-hydroxykaur-16-en-19-oic acid), the aglycone ob-
tained on the enzymatic hydrolysis of stevioside, were finally determined in 1963
(2). Isosteviol is produced from stevioside by acidic hydrolysis and is a ring-D
rearranged isomer of steviol (2, 3). During the 1970s, additional sweet steviol
glycoside analogs of stevioside were identified as S. rebaudiana leaf constituents,
comprising rebaudiosides A and B, steviolbioside, rebaudioside C (� dulcoside
B), rebaudiosides D and E, and dulcoside A (1, 2). Some evidence exists that
rebaudioside B and steviolbioside are not native S. rebaudiana constituents but
are formed by partial hydrolysis during the extraction process (3, 4). The struc-
tures of the sweet ent-kaurene glycosides of S. rebaudiana leaves are shown in
Fig. 1. The sweet ent-kaurene glycosides occur at very high concentration levels
in dried S. rebaudiana leaves, with approximate values for the four most abundant
compounds being stevioside (5–10% w/w), rebaudioside A (2–4% w/w), rebau-
dioside C (1–2% w/w), and dulcoside A (0.4–0.7% w/w) (2).

In pure form, stevioside is a white crystalline material with a melting point
of 196–198°C, an optical rotation of �39.3 degrees in water, an elemental com-
position of C38H60O18, and a molecular weight of 808.88 (2). Stevioside is only
sparingly soluble in water but is highly soluble in ethanol. Rebaudioside A is
considerably more water soluble than stevioside because it contains an additional
glucose unit in its molecule (2).

Stevioside is a stable molecule at 100°C when maintained in solution in
the pH range 3–9, although it decomposes quite readily at alkaline pH levels
of greater than 10 under these conditions (1). Both stevioside and its analog,
rebaudioside A, have been found to be stable when formulated in acidulated
beverages that were stored at 60°C for 5 days (2). Detailed stability profiles have
been determined for stevioside when treated with dilute mineral acids and en-
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Figure 1 Structures of the eight sweet-tasting glycoside constituents of Stevia rebaudi-
ana leaves.

zymes (2). A large number of analytical methods are available for the determina-
tion of purity and stability of stevioside and rebaudioside A (1, 2).

Stevioside has been rated as possessing about 300 times the relative sweet-
ness intensity of 0.4% w/v sucrose, although its sweetness intensity varies with
concentration and the compound exhibits some bitterness and an undesirable af-
tertaste (1). The sweetness intensities (i.e., sweetening power relative to sucrose,
which is taken as � 1) of the other seven S. rebaudiana sweet principles have
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been determined as follows: rebaudioside A, 250–450; rebaudioside B, 300–350;
rebaudioside C, 50–120; rebaudioside D, 250–400; rebaudioside E, 150–300;
dulcoside A, 50–120; and steviolbioside, 100–125 (2). Rebaudioside A, the sec-
ond most abundant ent-kaurene glycoside occurring in the leaves of S. rebaudiana
is better suited than stevioside for use in foods and beverages because it is not
only more water soluble but it also exhibits a pleasanter taste (2, 4).

Many attempts have been made to improve the sweetness hedonic parame-
ters of stevioside by formulation with a variety of flavor-masking and sweetness-
enhancing agents (1, 2). Efforts have been made to produce strains of S. rebaudi-
ana that have a higher ratio of rebaudioside A to stevioside compared with wild
Paraguayan populations to harness the preferential properties of rebaudioside A
compared with stevioside (2). In another type of strategy, enzymatic transglyco-
sylation of stevioside has led to analogs with improved taste profiles over the
parent substance (2, 4). In this procedure, modification of the sugar moiety at C-19
of stevioside is conducted with enzymic transglycosylation, and cyclomaltodextrin-
glycanotransferase (CGTase) is used to catalyze trans-α-1,4-glycosylation (4).
A transglycosylated (‘‘sugar-transferred’’) product of stevioside is sold commer-
cially in Japan, produced by shortening the α-glucosyl chain of the mixture of
compounds obtained by CGTase treatment using β-amylase (4).

IV. AVAILABILITY AND COST

It is apparent that the natural area of distribution of S. rebaudiana has been con-
siderably reduced in recent years in its native habitat in the Sierra of Amambay in
northeastern Paraguay, where the plant is found in natural grasslands on mountain
slopes and valleys occurring at altitudes of 500–700 m above sea level. The
reason for this is that many of the subtropical forests surrounding the natural
populations of S. rebaudiana have been exploited for their timber, with the newly
cleared land then used for other agricultural purposes. In addition, thousands of
S. rebaudiana plants have been transplanted to other areas to start large-scale
plantations. Because S. rebaudiana is sensitive to changes in its environment,
the net effect is that the germplasm of this species may be threatened at present
(2).

As noted earlier in this chapter, by far the largest cultivation areas where
S. rebaudiana is currently produced are in the People’s Republic of China. The
price of S. rebaudiana products has become much cheaper in recent years. For
example, sweet products made from S. rebaudiana leaves containing high levels
of stevioside were initially priced at 100,000 Japanese yen (equivalent to $833
U.S. at 120 yen per $) but have been reduced to less than 10,000 Japanese yen
(equivalent to $8.33 U.S.) (11).
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V. USE AND ADMIXTURE POTENTIAL

Several authors have indicated that S. rebaudiana leaves have been used to
sweeten bitter beverages such as maté (Ilex paraguayensis St.-Hil.) in Paraguay
for centuries (reviewed in 2). However, it has been suggested that this plant was
not of particularly great significance to the indigenous Guarani Indians of Para-
guay, because they placed more value on the use of honey as a sweetener (2).
In recent times, the use of S. rebaudiana leaves to sweeten maté or foods was
seen to be practiced only sporadically in Paraguay (2). Lewis (12) has docu-
mented certain previously unpublished memoranda concerning the early use of
S. rebaudiana leaves as a sweetener and concluded that the sweet properties of
S. rebaudiana leaves have been known to local populations in Paraguay since
at least before 1887. This knowledge only slowly disseminated to the extended
population, both because of the rarity of the plant within its distribution range
and a comparative lack of interest by the colonists (2, 12). For several years, teas
made from S. rebaudiana leaves have been prescribed by physicians in Paraguay
for the treatment of diabetes (2). S. rebaudiana products are now approved as
additives by the Food National Codes of both Paraguay and Argentina (13). In
neighboring Brazil, after the initial introduction of two S. rebaudiana products
(2), extracts of the leaves of this plant (purified to contain a minimum of 60%
stevioside) and pure stevioside (free from steviol and isosteviol) have been ap-
proved for use in foods and beverages, dietetic foods and beverages, chewing
gum, medicines, and oral hygiene products (14). In addition, stevioside was regu-
lated for use in Brazil in soft drinks, although strict labeling requirements were
put forth (15).

S. rebaudiana extracts were introduced commercially for sweetening pur-
poses in Japan in 1976 (2). Since then, Japanese commercialization of S. rebaudi-
ana has been quite rapid, and this has been attributed to certain factors. First,
sucrose consumption has been curtailed in Japan because of health concerns re-
lated to dental caries, obesity, and diabetes. Second, certain artificial sweeteners
were banned or severely restricted in Japan in the 1960s. Third, there has been
a perception among the Japanese government regulatory agencies and the public
alike that synthetic compounds are inherently more harmful than naturally oc-
curring substances (2). Extracts of S. rebaudiana containing stevioside have par-
ticular advantages that have contributed to their development as widely used
noncaloric sucrose substitutes in Japan. For example, stevioside has been found
to suppress the pungency of sodium chloride, a universal preservative and flavor-
ing agent that is commonly added to Japanese-style vegetables, dried seafoods,
soy sauce, and miso (bean paste) products. Stevioside is relatively stable under
normal elevated temperatures involved in food processing and does not turn
brown on heating or ferment during use. The compound does not precipitate at



Stevioside 173

the acid pH levels characteristic of many soft drinks (1, 2). At present, three
categories of products are produced from S. rebaudiana on the Japanese market,
namely, ‘‘stevia extracts,’’ ‘‘rebaudioside A-enriched stevia extracts,’’ and
‘‘sugar-transferred stevia extracts,’’ (16). ‘‘Stevia extracts’’ contain at least 80%
of total steviol glycosides, inclusive of stevioside, rebaudioside A, rebaudioside
C, and dulcoside A, and are specified to contain not more than 20 ppm of heavy
metals (determined as Pb) and not more than 2 ppm of arsenic (determined as
As2O3). ‘‘Rebaudioside A-enriched stevia extracts’’ contain larger amounts of
rebaudioside A than ‘‘stevia extracts,’’ whereas the ‘‘sugar-transferred stevia ex-
tracts’’ are treated with CGTase and β-amylase, as mentioned in an earlier sec-
tion, and contain more than 85% of total steviol glycosides (16). Table 1 provides
estimates of the major categories of Japanese foods in which S. rebaudiana prod-
ucts were used in 1995.

Stevioside was initially approved as a food additive in South Korea in 1984,
and it must be of at least 98% purity for use after being dried for 2 hr at 100°C
(17). Stevioside is permitted for use in distilled liquors, unrefined rice wines,
confectionery, soy sauce, and pickles, although not so far in bread, baby foods,
dairy products, and as a tabletop sweetener (7, 17). Its use in liquor (particularly
soju) in Korea has been permitted since 1991 for domestic use only (7, 17).
Recently, there has been a considerable degree of scrutiny by governmental au-
thorities in Korea concerning the safety of stevioside, particularly in terms of
whether this compound is hydrolyzed to steviol in the approximately 45 types
of soju on the market (18).

Products manufactured from S. rebaudiana leaves also have some uses in
the People’s Republic of China. Teas are prepared from the plant using either
hot or cold water and are recommended for increasing the appetite, as a digestant,
for losing weight, for keeping young, and as a sweet-tasting low-calorie tea (2).

There is an active market for S. rebaudiana products in the United States,
which was estimated as being worth about $10 million in 1998. These products
are sold under the category of ‘‘dietary supplements,’’ either in the form of the
powdered leaf, as liquid extracts, or in sachets. Stevioside has not received ap-
proval as a sucrose substitute by the U.S. Food and Drug Administration, and S.
rebaudiana products have not been accorded ‘‘Generally Recognized as Safe’’
status either. Although several U.S. herbal manufacturers began to use S. rebaudi-
ana in their products in the 1980s, an import ban on the plant was effected in
1991 but was rescinded in 1994 (19). Herbal products containing S. rebaudiana
are manufactured in Italy and are exported for retail sale to other European coun-
tries, although, to date, stevioside has not been approved as a food additive by
any country in the European Union (20).

S. rebaudiana extracts containing high proportions of stevioside are avail-
able in Japan in combination with glycyrrhizin, with which it is synergistic, re-
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sulting in the improvement of taste quality for both natural sweeteners. In addi-
tion, stevioside has been found to be synergistic with aspartame, cyclamate, and
acesulfame K, but not with saccharin (1).

VI. METABOLISM

Only limited data are available on the in vitro and in vivo metabolism of stevio-
side and other S. rebaudiana sweet constituents. An initial investigation in which
stevioside and rebaudioside A were degraded to steviol by rat intestinal flora in
vitro was reviewed previously (1). Steviol has also been found as a major metabo-
lite of stevioside when a tritiated form of the compound was fed to Wistar rats
at an oral dose of 125 mg/kg. The biological half-life of stevioside was estimated
to be 24 hr, and 125 hr after compound administration, the highest percentages
of radioactivity were found in the feces, followed by expired air and urine. It was
concluded that although a portion of orally administered stevioside was excreted
unchanged in the feces of the rat, most of it was degraded by the intestinal bacte-
rial flora to steviol, steviolbioside, and glucose, which were then absorbed in the
cecum. Absorbed glucose was metabolized and excreted in the expired air as
carbon dioxide and water, whereas steviol was conjugated in the liver and ex-
creted into the bile. It was also inferred from the results of biliary and fecal
excretion that enterohepatic circulation of steviol occurred (2). More recently,
the distribution of [131I]-stevioside has been reported in rats after IV administra-
tion, and within 2 hr, 52% of the radioactivity was present in the bile, which
consisted of [131I]-iodosteviol (47% of total radioactivity), unchanged [131I]-stevi-
oside (37%), and an unidentified metabolite (15%) (21).

Despite the widespread use of S. rebaudiana extracts containing stevioside
as sweeteners in foods in Japan, the metabolism of this substance in humans does
not seem to have been investigated to date.

VII. SAFETY STUDIES

A. Toxicity Studies in Rodents

Previous acute, subacute, and chronic toxicity studies carried out in Japan in rats
on S. rebaudiana extracts with various stevioside levels have not resulted in the
demonstration of any significant toxic effects (1, 2). In one of several toxicity
studies carried out more recently, stevioside was fed to F344 rats at various levels
(0.31, 0.62, 1.25, 2.5, and 5%) for 13 weeks. A concentration of 5% in the diet
was considered to be the maximum tolerable dose of stevioside for a proposed
2 year carcinogenicity study in rats. Although lactic dehydrogenase and single-
cell necrosis of the liver were increased in male animals treated with stevioside,
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these were not considered specific because of the lack of clear dose responses
(22). In a 2 year chronic oral toxicity study performed in male and female Wistar
rats fed a diet containing 85% pure stevioside (0, 0.2, 0.6, and 1.2%), it was
concluded that the maximum no-effect level of stevioside was equivalent to 1.2%
of the diet. The rats did not show any treatment-related changes in growth, general
appearance, and clinical biochemical values relative to controls. It was projected
from this study that an acceptable intake of stevioside in humans would be 7.938
mg/kg/day (23). In a carcinogenicity study, stevioside of high purity (95.6%)
was added to the diet of male and female F344 rats at concentrations of 0, 2.5,
and 5% for 2 years. Histopathological examination showed that there was no
significantly altered development of neoplastic or non-neoplastic lesions attribut-
able to any organ or tissue, except for a decreased incidence of mammary adeno-
mas in females and a reduced incidence of chronic nephropathy in males. Al-
though there was a significant decrease in the final survival rate of males treated
at the 5% dietary incorporation level, it was concluded that stevioside is not
carcinogenic in rats under the experimental conditions used (24).

The acute toxicity of stevioside and of steviol, the aglycone obtained from
this sweetener on enzymatic hydrolysis, has been investigated in the mouse and
hamster, as well as the rat (both males and females). Stevioside was not lethal
to any of the test animals at doses up to 15 g/kg body weight (25). The LD50

values for steviol in hamsters (which were more susceptible to this compound
than either mice or rats) was 5.20 and 6.10 g/kg body weight for males and
females, respectively. Death was attributed to acute renal failure, and severe de-
generation of the proximal tubular cells was observed histopathologically. The
LD50 value for steviol in mice and rats was �15 g/kg body weight in both cases
(25).

B. Genetic Toxicity Studies

Partially purified extracts and pure sweet constituents (stevioside, rebaudiosides
A-C, dulcoside A, steviolbioside) of S. rebaudiana have been tested extensively
for their mutagenic activity. None of these substances has been reported to be
mutagenic when evaluated with Salmonella typhimurium strains TA98, TA100,
TA1538, and TM67 or Escherichia coli strain WP2, either in the presence or
absence of metabolic-activating systems (1, 2).

However, it was shown in the mid-1980s that steviol (Fig. 2), the aglycone
of all of the S. rebaudiana sweet constituents including stevioside, is mutagenic
in a forward mutation assay using S. typhimurium TM677 in the presence of a
metabolic-activating system derived from a 9000 � g supernatant fraction from
the livers of Aroclor-1254–pretreated rats. Unmetabolized steviol was inactive
in this system (2). These observations were confirmed independently by two other
groups (26, 27). Moreover, metabolically activated steviol gave positive re-
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Figure 2 Structures of steviol, 15α-hydroxysteviol, and 15-oxosteviol.

sponses in chromosomal aberration and gene mutation tests but was not active
in the reverse mutation assay (Ames test) using S. typhimurium strains TA97,
TA98, TA100, and TA102 (26).

Several steviol analogs have been assessed for mutagenicity under the same
conditions as used for steviol, and it is apparent that the C-13 tertiary hydroxyl
group and the C-16, C-17 exomethylene group must be present to elicit a muta-
genic effect (2). 15α-Hydroxysteviol (Fig. 2) was generated as a major in vitro
metabolite under the same experimental conditions used in the treatment of stev-
iol but was not mutagenic either in the presence or absence of the activating
system (2). Moreover, a chemical oxidation product of 15α-hydroxysteviol,
namely, 15-oxosteviol (Fig. 2) was proposed as a weak direct-acting mutagen.
15-Oxosteviol was also bactericidal but was not detected as a metabolite of steviol
(2). However, the activity of this compound as a direct-acting mutagen was later
disputed (27). In a more comprehensive study on the potential genotoxicity of
steviol, this compound when metabolically activated produced confirmed activity
in the forward mutation assay using S. typhimurium TM677, as well as chromo-
somal aberrations and gene mutations in a Chinese hamster lung fibroblast cell
line (28). Steviol was also weakly positive in the umu test using S. typhimurium
TA1535/pSK1002 either with or without metabolic activation. However, stevio-
side was not mutagenic in any of the assays used, whereas steviol, even in the
presence of the S9 metabolic activating system, was inactive in a number of
additional mutagenicity assays (28). It has been shown recently that in S. typhimu-
rium strain TM677, steviol induces mutations of the guanine phosphoribosyl-
transferase (gpt) gene (29).

Accordingly, although recent studies have confirmed the mutagenic activity
of metabolically activated steviol in a forward mutation assay on an unmutated
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gene, an actual active metabolite of steviol responsible for this activity has not
yet been structurally elucidated. However, it has been pointed out by investigators
at the National Institute of Health Sciences in Tokyo that the mutagenicity ob-
served in in vitro experiments on activated steviol does not appear to be signifi-
cant biologically, given the lack of carcinogenicity found in F344 rats after a 2-
year feeding study of stevioside. It was specifically demonstrated during this
study that steviol was generated by enzymatic hydrolysis and the levels of this
aglycone of stevioside were quantitated by high-performance liquid chromatogra-
phy (24).

C. Effects on Reproduction

It was first documented in 1968 that the Paraguayan Matto Grosso Indians use
teas produced from the leaves and stems of S. rebaudiana for their contraceptive
and antifertility effects and that an aqueous extract of S. rebaudiana leaves led
to reduced fertility in female rats (1). These effects were not duplicated under
similar conditions in experimental animals examined in other laboratories (1).
However, a further report has appeared more recently from Brazil that suggests
a deleterious effect on the fertility of mature female mice as a result of the intra-
gastric administration of teas prepared from S. rebaudiana leaves. Fertility was
reduced by 20% and 40%, respectively, by treatment with 1% and 5% infusions,
during the 12-day period before mating, using small groups of mice (up to seven
in a group). The 1% infusion when given during the mating period reduced the
number of uterine implants but had no effect if given before mating began. Be-
cause stevioside was not used as part of the protocol, the authors of the study
were unclear as to whether the S. rebaudiana sweet glycosides or some other
leaf constituents were responsible for the observed effects (30). In contrast, two
reports have appeared in which no adverse endocrine effects were seen in male
rats fed S. rebaudiana leaf extracts (31, 32).

Stevioside and steviol have also been evaluated for their effects on repro-
duction. Stevioside administered to male and female rats at concentrations of up
to 3% of the diet produced no abnormal responses in mating performance or
fertility of any of the groups, and no external, internal, or skeletal anormalities
were seen in the fetuses (2). More recently, stevioside was administered to Wistar
rats by gavage at daily doses up to 1 g/kg body weight, from days 6 through 15
of pregnancy. After death at day 20, it was determined that stevioside caused no
fetal abnormalities and no toxic signs in the pregnant rats and fetuses (33). How-
ever, when steviol was studied in pregnant hamsters, it was determined that doses
of 0.75 and 1.0 g/kg body weight were toxic to both dams and fetuses. The
dams experienced a decrease of body weight and increased mortality relative to
controls, and the number of live fetuses per litter and the mean fetal weight de-
creased. However, no dose-related teratogenesis was detected. The levels of stev-
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iol administered were proportional to about 80 times that of an acceptable intake
of stevioside for humans (7.938 mg/kg body weight per day) (34).

No follow-up has been published on a compound of apparently unknown
structure that was referred to as ‘‘dihydroisosteviol’’ and reported in 1960 to
exhibit a statistically significant antiandrogenic effect in a chick-comb bioassay
at a dose of 3.0 mg/comb (2). ‘‘Dihydroisosteviol’’ was not found to be effective
in inhibiting the action of testosterone at total dose levels of 5 and 20 mg per
animal when injected subcutaneously in 28-day-old Charles River male castrated
rats. The origin of ‘‘dihydroisosteviol’’ was not stipulated in this study, and no
compound with such a structure seems to have been determined subsequently as
a metabolic or degradative product of any of the S. rebaudiana sweet constituents
(2).

D. Effects on Carbohydrate Metabolism

Mention has been made earlier in this chapter of the use of S. rebaudiana extracts
in Paraguay as a remedy for diabetes. Hypoglycemic effects in humans and rats
using S. rebaudiana extracts have been claimed in several scientific publications
from South America, thereby providing some credence for the medicinal use of
this plant as a hypoglycemic agent. However, a number of other investigators
have found no significant effects on blood glucose levels in rats (1, 2).

Stevioside has been found to affect monosaccharide transport in an isolated,
perfused liver preparation (2). Glucose absorption was inhibited in hamsters fed
2.5 g/kg/day stevioside for 12 weeks, which was attributed to both a decrease
in intestinal Na�/K�-ATPase activity and a decreased absorptive area in the intes-
tines (35). Stevioside (0.2 mM), when given orally both with fructose (0.2 mM)
and alone to rats fasted for 24 hr, led to increased glycogen deposition in the
liver (36). Steviol (1 mM) inhibited glucose intake and altered the morphology
of intestinal absorptive cells (37).

E. Other Biological Activities

A hypotensive effect in human subjects was noted in a Brazilian study wherein
S. rebaudiana tea was administered daily for 30 days (2). It was mentioned also
in the previous version of this chapter that stevioside resulted in alterations of
mean blood pressure and renal function when tested on normal Wistar rats (2).
In the last decade, there has been increasing evidence that S. rebaudiana extracts
and stevioside have demonstrable vasoactive properties. When aqueous S. rebau-
diana extracts (2 ml of an extract corresponding to 66.7 g S. rebaudiana/100
ml) were administered to normal Wistar rats for 40 and 60 days, such chronic
administration led to hypotension, diuresis, and natiuresis. For the 60-day treated
group, an increase in renal plasma flow was observed (38). In Wistar rats, stevio-
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side given as an infusion up to 16 mg/kg body weight/hr was found to be secreted
by way of the renal tubular epithelium to induce a fall in the renal tubular reab-
sorption of glucose (39). The effect of stevioside (�90% purity; 16 mg/kg body
weight/hr infusion) on renal function in both normal and hypertensive rats was
investigated using clearance techniques, and, in an analogous fashion to S. rebau-
diana extracts, this compound was found to induce hypotension, diuresis, and
natiuresis (40). On the basis of the results obtained, stevioside has actually been
suggested for the clinical treatment of hypertension in humans (40).

Urinary enzyme levels, changes in blood urea nitrogen (BUN) and plasma
creatinine levels, and ultrastructural changes in the kidney have been examined
after a single high dose of 1.5 g/kg body weight of stevioside in rats administered
by subcutaneous injection. The levels of BUN and plasma creatinine both in-
creased, as did urinary glucose. Histopathological examination showed nephro-
toxicity in the proximal convoluted tubules of the kidney rather than the glomeruli
or other tubules, and it was concluded that the mechanism of toxicity did not
involve lipid peroxidation (41).

A series of studies on the effects of stevioside and several of its glycosidic
and nonglycosidic derivatives on cellular and subcellular metabolism have been
performed and reviewed by Brazilian investigators. The activities of these com-
pounds have been probed in systems such as rat liver mitochondria, rat renal
cortical tubules, human and rabbit erythrocytes, and rabbit reticulocytes. In gen-
eral, S. rebaudiana glycosidic constituents such as stevoside and steviolbioside
are either inactive in these systems or else found to be less active than their
hydrolytic products steviol and isosteviol (2).

VIII. CARIOGENICITY POTENTIAL

Pure stevioside and rebaudioside A were tested for cariogenicity in an albino rat
model. Sixty Sprague-Dawley rats were colonized with Streptococcus sobrinus
and were divided into groups fed basal diet 2000 supplemented with either 0.5%
stevioside, 0.5% rebaudioside A, 30% sucrose, or no compound addition. All
four groups were killed after 5 weeks of feeding, and viable S. sobrinus counts
were enumerated, and caries was evaluated according to Keyes’ technique. It
was concluded that stevioside and rebaudioside were not cariogenic under the
conditions of the study (42). In a recent in vitro study, the eight sweet constituents
of S. rebaudiana (stevioside, rebaudiosides A-E, dulcoside A, steviolbioside) and
two hydrolytic products of stevioside (steviol and isosteviol) were tested against
a panel of cariogenic and periodontopathic oral bacteria. Their antibacterial activ-
ity and their ability to inhibit sucrose-induced adherence, glucan binding, and
glucosyltransferase (GTF) activity were evaluated. None of these compounds
suppressed the growth or acid production of the cariogenic organism, Streptococ-
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cus mutans, or affected sucrose-induced adherence or GTF activity. However,
rebaudiosides B, C, and E, steviol, and isosteviol inhibited the glucan-induced
aggregation of mutans streptococci to some extent and could provide oral health
benefits by interference with cell surface functions of cariogenic bacteria (43).

IX. HUMAN EXPOSURE

S. rebaudiana extracts have been used for more than a century in Paraguay to
sweeten beverages. Also, they have been used increasingly for about a quarter
of a century in Japan, with the human consumption of stevioside in 1996 being
on the order of 200 metric tons (6). In South Korea, about 115 metric tonnes of
stevioside were consumed in 1995 (18). No evidence of adverse reactions caused
by the ingestion of these materials has appeared in the scientific literature, and,
on this basis, S. rebaudiana extracts and stevioside do not seem to present a
potential toxicity risk for humans at the low consumption levels used in sweet-
ening.

X. REGULATORY STATUS

S. rebaudiana extracts containing stevioside are approved as food additives in
Japan, South Korea, Brazil, Argentina, and Paraguay and are used in herbal prepa-
rations or dietary supplements in other countries, inclusive of the People’s Repub-
lic of China (where most of this plant is produced for commerce) and in the
United States and western Europe.

Stevioside has been reviewed by both the Joint Food and Agriculture
Organization/World Health Organization Expert Committee on Food Additives
(JECFA) and the Scientific Committee for Food of the European Union (EU)
and determined not acceptable as a sweetener on the basis of presently available
data, which are considered insufficient (44, 45).
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Sucralose

Leslie A. Goldsmith and Carolyn M. Merkel
McNeil Specialty Products Company, New Brunswick, New Jersey

I. INTRODUCTION

The high-quality sweetness of sucralose (SPLENDA Brand Sweetener) was dis-
covered as a consequence of a research program conducted at Queen Elizabeth
College at the University of London during the 1970s (1). Hough and his col-
leagues, with the support of Tate & Lyle PLC, showed that the selective chlorina-
tion of sugar could result in intensely sweet compounds (2). This discovery led
to a series of studies eventually exposing sucralose (1,6-dichloro-1,6-dideoxy-β-
d-fructofuranosyl-4-chloro-4-deoxy-α-d-galactopyranoside) (Fig. 1) as the most
promising candidate as an ideal sweetener.

The selective chlorination of the sucrose molecule produced remarkable
changes to the sweetness intensity and stability of sucrose, without compromising
taste quality. Sucralose has a pleasant sweet taste similar to sucrose and has no
unpleasant aftertaste. Sucralose is a white, crystalline, nonhygroscopic, free-
flowing powder. The sweetener is highly soluble in water, ethanol, and methanol
and has negligible effect on the pH of solutions. The viscosity of sucralose solu-
tions is similar to that of sugar. Sucralose exerts negligible lowering of surface
tension.

The chlorination of sucrose in the 1 and 6 positions of the fructose moiety
and the inversion and chlorination of the 4 position on the glucose moiety causes
the remarkable stability of sucralose. The resulting glycosidic linkage of sucra-
lose is significantly more resistant to acid and enzymatic hydrolysis than that of
the parent compound. The resistance of the glycosidic bond is responsible for
the inability of mammalian species to digest the molecule and metabolize it as
an energy source. Therefore, sucralose is noncaloric. This resistant bond is also
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Figure 1 Chemical structure of sugar and sucralose.

the reason that microorganisms responsible for plaque formation cannot use the
sweetener, and thus sucralose is noncariogenic.

The safety of sucralose has been established through one of the most thor-
ough testing programs ever performed. Scientists and regulators around the world
have evaluated more than 100 studies conducted over 20 years. Those studies
were designed to determine the biological fate of sucralose and to evaluate its
potential to have any adverse effects. Sucralose is safe for all individuals. Sucra-
lose has been approved in more than 40 countries, and people around the world
consume the sweetener daily.

II. SENSORY CHARACTERISTICS OF SUCRALOSE

A. Sweetness Intensity

The sweetness factor curves for sucralose and three other high-potency sweeten-
ers, aspartame, saccharin, and acesulfame-K, are shown in Fig. 2. Sucrose is the
sweetness reference used in the construction of the curves. The sweetness factor
curves express the number of times a compound is sweeter than an isosweet
concentration of sucrose. The curves demonstrate a general decrease in sweetness
concentration for each high-potency sweetener relative to increasing sucrose con-
centration. Sucralose displayed the greatest sweetness factor or highest potency
among the sweeteners examined. Sucralose is approximately 750 times sweeter
than sucrose at a concentration equisweet to a 2% sucrose solution. At 9% sweet-
ness equivalence, sucralose is approximately 500 times sweeter than sucrose. As
a general guideline, sucralose is regarded as being 600 times sweeter than sucrose.
Because of the intense sweetness of sucralose, an extremely small amount is
necessary to achieve the desired sucrose isosweetness level. As an example, ap-
proximately 20 mg of sucralose per liter is needed to equal the sweetness of a
2% sucrose solution. At 5% sucrose equivalency, a level at which a normal cup
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Figure 2 Sweeteness intensity.

of coffee is typically sweetened, approximately 83 mg of sucralose per liter would
be required. It is important to note that the actual use levels of sucralose are
influenced by characteristics such as the pH, temperature, and viscosity of the
food or beverage system in which sucralose is incorporated.

B. Temporal Qualities

An understanding of the temporal properties of sucralose as they relate to other
sweeteners is of interest to food and beverage formulators. The temporal profiles
of the sweeteners relate to the onset of sweetness, time to maximum intensity,
and rate of sweetness decay. At an aqueous isosweet concentration, the time to
maximum sweetness intensity is similar for sucrose and the other high-potency
sweeteners tested (Table 1).

Table 1 Temporal Sweetness Characteristics of Sucralose

Time to maximum Sweetness
Maximum intensity sweetness duration time

(0–12 scale) (sec) (sec)

Sucrose 7.6 4.1 66.1
Sucralose 7.8 5.0 75.4
Aspartame 7.5 6.2 76.7
Saccharin 7.5 3.1 77.2
Acesulfame-K 7.5 4.9 77.4



188 Goldsmith and Merkel

Deviations from sucrose become apparent when studying the rate of decline
in sweetness with individual high-potency sweeteners. Under the test conditions
used, sucralose and aspartame had a similar but slower rate of sweetness decay
than sucrose. It should be remembered that different temporal properties might
emerge as a result of the concentration of the sweetener used as well as other
formulation issues.

C. Taste Quality

The myriad of products around the world that are sweetened with sucralose dem-
onstrate the taste quality of sucralose. In addition, sucralose is available globally
in consumer tabletop forms (e.g., granular, tablet, packet), as a sugar replacement.
Scientifically, the flavor attributes of isosweet concentrations of sucralose and
sucrose in aqueous solution were identified and quantified using a sip and spit
procedure. The sweeteners were profiled at a moderate sweetness level of 5%.
The panelists evaluated a 10-ml sample by holding the sample in their mouth
for 5 seconds and then expectorating. During this time, intensity estimates were
made of several taste attributes using an unstructured line scale. Sweet and non-
sweet aftertastes were evaluated 60 seconds after expectoration. The experimental
series was repeated twice, and the scores averaged across replicates.

Several of the more important flavor attributes are presented in Fig. 3. This
comparison demonstrates that sucralose is a high-quality sweetener with a flavor
profile similar to that of its sugar origin. At a 90% confidence interval, no signifi-

Figure 3 Flavor attributes of sugar and sucralose.
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cant difference was found between the intensity of the flavor attributes evaluated
in either sweetener. Bitterness was very low in both sucralose and sucrose. The
rate or sharpness of sweetness onset and persistence of sweet and nonsweet after-
taste were similar under the conditions of this test. The food or beverage system
in which they are studied or the concentration of the sweetener evaluated has an
impact on these flavor attributes (3).

D. Sucralose Synthesis

Sucralose is derived from sucrose in a process that substitutes chlorine atoms for
hydroxyl group on three sites. In addition, the hydroxyl group of the glucose
moiety is isomerized to form sucralose as shown in Fig. 1.

III. SAFETY AND REGULATORY STATUS OF SUCRALOSE

A. Safety

More than 100 scientific studies have been conducted over the past 20 years to
evaluate the safety of sucralose for human consumption. Recently, the safety
database for sucralose was published in a peer-reviewed supplement of Food and
Chemical Toxicology, ‘‘Sucralose Safety Assessment’’ (4). No evidence exist
that the consumption of sucralose or its hydrolysis products would cause any
untoward effects. Sucralose is nontoxic and does not hydrolyze or dechlorinate
after ingestion. A small amount of hydrolysis of sucralose can be found in prod-
ucts, depending on pH, time, and temperature. The animal studies clearly demon-
strate the overall safety of sucralose even under lifelong, high-dose test conditions
that would exaggerate any health effects. Studies included evaluation of animals
that were exposed to sucralose from conception throughout normal life span and
with amounts that far exceed the probable maximum human consumption. In
addition, the hydrolysis products of sucralose were subjected to almost the same
level of testing as sucralose, including a separate cancer study. Grice and Gold-
smith presented a complete overview of the safety data in Food and Chemical
Toxicology (5).

Metabolism studies indicate that the dog, rat, mouse, and man metabolize
sucralose similarly. Therefore, the results of the safety studies conducted on su-
cralose in animals can be extrapolated to man with confidence.

Sucralose was determined to be nontoxic after acute exposure in rodents
up to 16,000 mg/kg body weight. This represents about 16,000 times the pro-
jected average intake of sucralose, or the consumption of approximately 16,000
cans of carbonated soft drinks per day.

Sucralose and its hydrolysis products demonstrated no carcinogenic activ-
ity, as was shown in three lifetime studies in animals. Two of these studies, a



190 Goldsmith and Merkel

mouse study and a rat study, used concentrations of up to 3% of the diet as
sucralose. No adverse effects were seen in rats or mice at doses equivalent to
1500 mg/kg body weight/day, or approximately 1500 times the projected average
human consumption.

A two-generation reproduction study in rats, teratology studies in rats and
rabbits, special studies in rats related to sperm function, and genetic toxicity stud-
ies showed that sucralose and the hydrolysis products had no effect on fertility
or reproduction and no teratological effects. Specific studies in mice and monkeys
at doses hundreds of times the maximum amount of anticipated human consump-
tion have shown that sucralose and the hydrolysis products had no effect on the
nervous system.

Special studies have been performed in rats to evaluate palatability of diets
containing sucralose and the effect of sucralose on body weight gain and organ
weights in that species. These studies demonstrated that rats dislike the taste of
diets that contain high concentrations of sucralose and therefore consume less
food than concurrent control animals. In addition, the use of the consumed diet
is impacted by the sucralose present, which is poorly absorbed from the gastroin-
testinal tract and has high osmotic activity. Consequently, over time, the rats
supplied diets containing high concentrations of sucralose weighed less than con-
trol animals on standard diet. The weights of a number of organs, most notably
the thymus and cecum, were affected in the animals consuming the diets with
high amounts of sucralose.

Gavage administration and special diet administration studies were used to
determine the cause for the effects on body weight gain and organ weight. The
gavage studies avoided the confusing variable of altered taste by delivering sucra-
lose directly into the rat’s stomach through a plastic tube. Special diet studies
accounted for the aforementioned attributes of sucralose incorporation into the
diet by correcting for the exact amount of food the animals consumed and the
animal’s subsequent growth. These studies showed that sucralose had no adverse
effect on animal growth or any particular organ weight or function. Particular
emphasis was paid to the immune system, because the thymus gland is an impor-
tant component of that system. The evaluation of the immune system included
a special study that demonstrated that sucralose had no adverse effect on immune
function. Lord and Newberne (6) have investigated the relationship between suc-
ralose consumption and cecal enlargement in great detail. They showed that the
cecal enlargement caused by sucralose is similar to that caused by other poorly
absorbed osmotically active carbohydrates and is not of toxicological concern.

The safety of sucralose in man has been evaluated in a number of clinical
studies, including studies with individuals who have diabetes. In one study, daily
doses of 500 mg, which is equivalent in sweetness to two-thirds of a pound of
sugar a day, were fed to 77 volunteers. There were no physical, biochemical, or
hematological changes in the volunteers in this study or any of the other clinical
studies conducted. Sucralose was found to have no effect on blood glucose, blood
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fructose, and/or insulin secretion in healthy animals, and it was therefore pre-
dicted that no effect in these parameters would be seen in healthy human volun-
teers or individuals with diabetes. A clinical trial that used 1000 mg/day for 3
months in healthy volunteers demonstrated no adverse effect on glucose homeo-
stasis. Subsequent studies with individuals having type 1 or type 2 diabetes have
shown no abnormalities in glucose control. The most important of these studies
was a 3 month, five-center study, in which 136 patients were carefully evaluated
and monitored following a protocol developed with regulatory authorities. After
dosing with 667 mg/day for 3 months to individuals with type 2 diabetes, no
adverse effect on glucose homeostasis was detected, particularly in parameters
that monitored the long-term blood glucose levels.

B. Regulatory Status

Before the submission of the sucralose database to regulatory agencies, an inde-
pendent panel of 16 internationally recognized scientific experts was asked to
review the sucralose toxicological database and projected human intake data.
They were to provide a detailed review on the adequacy of the toxicological data
and evaluate the safety of sucralose for human consumption. The panel included
experts in toxicology, oncogenicity, clinical toxicology, genetic toxicology, me-
tabolism, biochemistry, reproductive toxicology, physiology, nutrition, hematol-
ogy, pediatrics, risk assessment, neurotoxicology, and immunology. The expert
panel on sucralose concluded that on the basis of the evaluation of the data pre-
sented to them and regulatory agencies and on the discussions and deliberations
of the entire panel ‘‘sucralose is safe for its intended purpose of use’’ (7).

Regulatory agencies around the world have concluded that sucralose is safe.
At present, more than 40 countries and international bodies have endorsed the
safety of sucralose, including. South Africa, Japan, China, Saudi Arabia, Russia,
Australia, New Zealand, Brazil, Argentina, Mexico, Canada, and the United
States. In June 1990, the Joint FAO/WHO Expert Committee on Food Additives
(JECFA), assigned a permanent Acceptable Daily Intake (ADI) for sucralose of
15 mg/kg body weight/day. Because the Expected Daily Intake (EDI) for sucra-
lose at the 90th percentile as determined by the U.S. Food and Drug Administra-
tion (FDA) is 1.6 mg/kg/day (8), the assignment of an ADI value greater than
2.0 mg/kg/day allows virtually unrestricted use of sucralose as a sweetener. The
approval granted sucralose by the U.S. FDA in April 1998 was the broadest initial
approval ever granted a new food additive. Subsequently, in August 1999, the
FDA approved sucralose as a general-purpose sweetener.

C. Cariogenicity

Sprague-Dawley rats infected with Streptococcus mutans were provided with su-
crose or sucralose along with a diet that contained no additional sucrose. After
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35 days, the level of infection of S. mutans was determined and the sulcal caries
scored. Rats fed sucralose had a similar number of total viable flora; however,
the level of S. mutans of the total viable flora was decreased by up to 20-fold
compared with the sucrose control. Sucralose-consuming rats had less than 50%
of the sulcal caries evident in the sucrose control.

Rats were desalivated and inoculated with S. mutans and Actinomyces vis-
cosus and fed diets that contained either 56% sucrose or sucralose at 93 mg/100
g. The number of coronal lesions did not differ significantly among groups, but
the severity of the lesions was significantly lower after 35 days of feeding the
sucralose diet compared with the sucrose control.

Substitution of sucralose for sucrose resulted in substantially fewer lingual
and proximal lesions. Although similar levels of root surface exposures were
achieved in the test and control diet, only rats fed sucralose remained free of root
surface caries. These data show that sucralose is noncariogenic (9).

In a second study, it was demonstrated that when sucralose was the sole
source of carbon, the growth of 10 strains of oral bacteria and plaque could not
be supported. When sucralose was incorporated in a liquid medium containing
glucose or sucrose, all organisms tested displayed similar acid production com-
pared with a control without sucralose. Sucralose was shown, using 14C-labeled
sucralose, to inhibit the formulation of the glucan and fructan polymers found
in plaque. These data show that oral bacteria do not metabolize sucralose and that
sucralose has a noncompetitive and reversible inhibitory action on the enzymes
necessary to synthesize glucan and fructan polymers (10). The results of these
two studies demonstrate that sucralose is noncariogenic and will not contribute
to the development of caries.

IV. CHEMICAL AND STABILITY CHARACTERISTICS
OF SUCRALOSE

A. Physicochemical Characteristics of Sucralose

Physicochemical characteristics of sucralose that have particular relevance to the
potential use of this sweetener in food and beverage applications have been evalu-
ated. Physiochemical properties, such as solubility, are important to understand,
because they have an impact on how a food ingredient can be used in the food
manufacturing environment.

B. Solubility

Solubility was measured in a thermostatically controlled Wheaton jacketed glass
vessel. The temperature range studied was 20°–60°C. As Fig. 4 shows, sucralose
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Figure 4 Sucralose solubility in water and ethanol.

is freely soluble in water and ethanol. As the temperature increases, so does the
solubility of sucralose in each of the solvents.

The solubility of sucralose in water ranges from 28.3 g/100 ml at 20°C to
66 g/100 ml at 60°C. The solubility of sucralose in ethanol was found to range
from 9.5 g/100 ml at 20°C to 18.9 g/100 ml at 60°C. These data demonstrate
that sucralose will be easy to use in food operations and that special techniques
or equipment to solubilize the sweetener are unnecessary (11).

C. Dynamic Viscosities

The dynamic viscosities of aqueous sucralose solutions were measured from 20°C
to 60°C and from 10–50% w/w concentrations within the solubility range. A
Rheomat 30 viscometer was used and was fitted with a concentric cylinder head
suitable for solutions of low viscosity. The dynamic viscosities of distilled water
and 10% w/w aqueous sucralose solutions at different shear rates are shown in
Fig. 5. Variations in viscosity over the four shear rates of 512, 691, 939, and
1280 sec�1 were insignificant, demonstrating that the sucralose solutions are New-
tonian in behavior. Dynamic viscosities of aqueous sucralose solutions measured
at 939 sec�1 are shown in Fig. 6. Comparison of these data with available data
for the viscosity of sucrose solutions shows that sucralose and sucrose have very
similar viscosities.
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Figure 6 Viscosities of aqueous sucralose solutions measured at 939 sec�1.

The low viscosities and Newtonian behavior of sucralose solutions show
that viscosity will not create mixing or dispersion problems in normal food unit
operations or processes.

D. Surface Tension

The surface tension of aqueous sucralose solutions held at 20°C was measured
with a Kruss model K8600 tensiometer by use of the ring method. Dilute sucra-
lose solutions, 0.1% and 1%, exhibited negligible lowering of surface tensions.
The reduction was 0.8 milliNewtons per meter (mN/m) to 3.1 mN/m, respec-
tively. This negligible reduction in surface tension shows that sucralose is not a
surfactant, and it will not cause foaming in liquid products.

E. Refractive Index

Although valid and precise high-performance liquid chromatography (HPLC) and
gas chromatography (GC) analytical methods for the determination of sucralose
are available, more rapid and simpler techniques may be useful to food manufac-
turers for quality assurance and quality control purposes.

The use of refractive index as a simple means of determining the concentra-
tion of sucralose in simple aqueous solutions was evaluated with the use of a
Bellingham and Stanley model 60/95 Abbe refractometer. Aqueous solutions of
sucralose were prepared at 5, 10, 15, 20 and 25% and tested at 20°C.
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Figure 7 Refractive index of aqueous sucralose solutions.

As Fig. 7 shows, the refractive index of the sucralose solutions is linear
with respect to concentration over the range of the concentrations studied. Refrac-
tive index can be used to determine sucralose concentration in simple solutions.
These physicochemical characteristics demonstrate that sucralose will function
well within typical unit operations and processes that are used in the food in-
dustry.

F. Chemical Interactions

In the process of chlorination of the sucrose molecule to synthesize sucralose,
the primary reaction sites on the molecule are occupied, and this reduces the
chemical reactivity of the compound.

The reactivity of sucralose was evaluated in a model system study in which
1% solutions of sucralose were prepared with 0.1% of one of the following:

Bases (niacinamide, monosodium glutamate)
Oxidizing and reducing agents (hydrogen peroxide, sodium metabisulfite)
Aldehydes and ketones (acetaldehyde, ethyl acetoacetate)
Metal salt (ferric chloride)

These classes of compounds and the specific compounds were selected as typical
food, beverage, and pharmaceutical system chemicals, and they are representative
of many compounds found in formulations. The solutions were held at 40°C for
7 days, at pH 3, 4, 5, or 7, and analyzed for sucralose content by an HPLC



Sucralose 197

Table 2 Sucralose Interaction Study: Sucralose Retention (%) After 7 Days at 40°C

Sample pH 3.0 pH 4.0 pH 5.0 pH 7.0

Control 100 99.8 98.9 99.5
Sucralose and hydrogen peroxide 100 99.7
Sucralose and sodium metabisulfite 99.9 99.9
Sucralose and acetaldehyde 100 100
Sucralose and ethyl acetoacetate 98.8 100
Sucralose and ferric chloride 95.9 98.0
Sucralose and niacinamide 100 100
Sucralose and monosodium glutamate 99.8 100

technique. Table 2 shows the sucralose retention in each of the solutions. As can
be seen from the data, there are no chemical interactions of concern. These data
demonstrate that sucralose is chemically inert, and therefore chemical interactions
of sucralose with ingredients in formulations are not likely to occur.

G. Stability of the Ingredient

Stability of the dry pure sucralose, as well as the aqueous solutions of sucralose,
have been evaluated to determine the shelf life and proper storage and distribution
conditions for the ingredient. Because of the physicochemical characteristics and
the inherent stability of the molecule in aqueous solution, two forms of the ingre-
dient, dry and a liquid concentrate, are available.

H. Stability of Dry Neat Sucralose

The stability of dry neat sucralose has been measured at several temperatures to
assess the shelf life and the storage conditions required to properly store and
distribute this form of the ingredient. The first indication of the breakdown of
neat sucralose is the development of a mild discoloration (tan/pink), which is
accompanied by a very small release of HCl. The development of color occurs
before the detection of a loss of sucralose by HPLC analysis. Time and tempera-
ture conditions that have impact on the appearance of slight color change have
been shown to be affected by packaging materials and container head space. The
mild discoloration is a quality issue, and proper storage of dry sucralose is neces-
sary to ensure that sucralose will be of the proper quality for its incorporation
in products.

As an example, dry neat sucralose was sealed in glass vials, stored at 75°F
(23.8°C), 86°F (30°C), 104°F (40°C), and 122°F (50°C), and monitored for the
development of color. The time to first discoloration was 18 months at 75°F; 3
months at 86°F; 3 weeks at 104°F; and less than 1 week at 122°F. As these data
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show, dry sucralose decomposition kinetics is non-Arrhenius. However, dry neat
sucralose has sufficient shelf life if the product is properly packaged, stored, and
handled at appropriate temperatures. Abuse of the ingredient is a quality issue,
which requires effective materials management techniques to ensure the full shelf
life of the ingredient.

I. Stability of Sucralose Liquid Concentrate

The solubility and inherent aqueous stability of sucralose allows for a sucralose
liquid concentrate for industrial use. A liquid product form allows operational
efficiencies in manufacturing.

A liquid concentrate product is commercially available as a 25% (w/w)
sucralose solution with a dual preservative system of 0.1% sodium benzoate and
0.1% potassium sorbate, buffered (0.02 M citrate) to maintain a pH of 4.4. No
chemical or physical changes have been found in a sucralose liquid concentrate
product stored for greater than 3 years at 68°F (20°C) and 104°F (40°C). No loss
of sucralose, sodium benzoate, or potassium sorbate is analytically detectable,
the solution maintains its clarity, no color development occurs, and there are no
changes in pH. Triple challenge microbiological studies on fresh and aged liquid
sucralose concentrate have clearly demonstrated that the liquid ingredient will
not be a vector for microbiological contamination when good manufacturing
practices are observed.

This product form provides the end user with an ingredient system that is
extremely stable, chemically and microbiologically, and compatible with most
food unit operations.

J. Stability of Sucralose in Model Systems

The use of sucralose in food products was first evaluated by the use of model
food systems. Subsequent sucralose use in commercial products has provided
practical data verifying the reliability of the model system. The model food sys-
tems are simplified to reduce the complexity of food analysis, food interactions,
and to provide a milieu in which the inherent stability of a food ingredient can
be understood.

K. Model Dry Food Systems

Two model dry systems were used to evaluate the stability of sucralose in dry
food systems: sucralose dry blended with maltodextrin and sucralose co-spray
dried with maltodextrin.

Sucralose was dry blended with maltodextrin in the following ratios: 75:
25, 50:50, and 25:75 (sucralosemaltodextrin). As the amount of sucralose was
decreased, the time to discoloration increased by factors of 1.5, 2, and 8, respec-
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tively, compared with neat sucralose. The dispersion of sucralose in dry mix
applications, typically at use levels of less than 1%, also markedly increases the
stability of sucralose. The dry stability improvement of sucralose with dilution
has been shown in products in the marketplace to provide sufficient stability for
dry applications. For example, commercially available powdered gelatin mix in
retail packages was stored for 6 months at 35°C, followed by 2 years at room
temperature. No loss of sucralose was detected by HPLC.

To determine the appropriateness of using sucralose in spray-drying opera-
tions and in spray-dried products, sucralose was spray-dried with maltodextrin
in 50:50 and 25:75 sucralosemaltodextrin ratios. As the amount of sucralose
decreased, the time to first discoloration was increased by factors of 10 and 30
times, respectively. These data demonstrate that the use of sucralose in spray-
drying and in spray-dried applications is appropriate.

These studies demonstrate that sucralose can be used in dry food applica-
tions with no expectation of discoloration when the food products are handled
in normal food distribution systems.

L. Model Aqueous Food Systems

Simple aqueous solutions systems studies and radiolabeled studies in beverages
and baked goods were performed to demonstrate the inherent stability of sucra-
lose in liquid and aqueous food systems.

Before the introduction of commercial products, the aqueous stability of
sucralose was determined over various pHs, temperatures, and times in model
systems studies.

Fig. 8 shows the stability data for sucralose solutions stored at 100°C. After
1 hour there was 2% loss of sucralose at pH 3, 5, and 7. After 2 hours, there
was 2% loss at pH 5, a 3% loss at pH 7, and a 4% loss of sucralose at pH 3.
These data were collected using an HPLC technique that has a coefficient of
variation of �2%.

Because a loss of 10–15% of a sweetener is necessary before a loss of
sweetness can be detected, consumers will not detect these losses of sucralose
as a loss of sweetness (12). These data show that sucralose will withstand heat-
processing conditions that are typical of most food processes and that sucralose
will be able to withstand the rigors of rework or reprocessing.

Fig. 9 shows the stability of sucralose solutions stored at 30°C for up to
1 year at pH 3.0, 4.0, 6.0, and 7.5. Again an HPLC technique that has a coefficient
of variation �2% was used for analysis. No measurable loss of sucralose was
found after 1 year of storage at pH 4.0, 6.0, and 7.5. At pH 3.0 there was less
than 4% loss of sucralose after 1 year of storage (13). This level of stability
provides food manufacturers and consumers with food products that have a con-
sistent level of sweetness throughout their shelf life.

The stability data in model aqueous systems was used to predict the efficacy
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Figure 8 Aqueous stability of sucralose, effect of pH at 100°C.

of using sucralose in aqueous food systems. Since commercialization, sucralose
has been used to formulate high-quality food products that maintain their sweet-
ness throughout the food-processing and distribution system. This stability pro-
vides the consumer the benefit of high-quality products that are consistent in their
sweetness profile and level, regardless of their processing or shelf life.

Figure 9 Aqueous stability of sucralose, effect of pH at 30°C.
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Figure 10 Breakdown of sucralose to component moieties.

These studies and all the stability studies on sucralose demonstrate that
sucralose, in aqueous systems, will slowly break down to its component moieties,
4-chlorogalactose (4-CG) and 1,6-dichlorofructose (1,6-DCF), as shown in Fig.
10. This breakdown is depends on pH, temperature, and time.

M. HP Formation

To fully delineate the mechanism of breakdown in food systems, a 36Cl-labeled
sucralose aqueous stability study was conducted. Radiolabeled sucralose was pre-
pared with a specific activity of 1.027 microcuries (µc) per milligram and a radio-
chemical purity of 99%. This material was then formulated into glycine/HCl
buffers at pH 2.5, 3.0, and 3.5, or in a cola carbonated soft drink formulated at
pH 3.0 and 3.5. Sucralose was added at 200 parts per million concentration.
Buffers and colas were stored at 30°C or 40°C for 1 year and sampled at 0, 8,
16, 26, and 52 weeks.

Samples of the buffers and colas were analyzed with thin-layer chromatog-
raphy (TLC) and liquid scintillation counting. The amounts of sucralose, 4-chlo-
rogalactose, and 1,6-dichlorofructose were calculated after correcting for the
amount of 4-chlorogalactose and 1,6-dichlorofructose present in the radiolabeled
sample analyzed on day 0.

The pattern of radioactivity of samples from the buffers and the colas was
consistent with the pattern of radioactivity that was found in the 36Cl-labeled
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sucralose sample analyzed at day 0. No new compounds were separated or identi-
fied. No evidence of the presence of inorganic chloride was found in the buffer
or cola products.

Fig. 11 shows the stability data of the pH 3.0 cola, which reacted similarly
to the buffered solution (not shown). The sample had been stored at 40°C for 1
year, and the degradation of the sample is consistent with the stability data dis-
cussed earlier. The increase in 4-chlorogalactose and 1,6-dichlorofructose is con-
sistent with the knowledge that sucralose breaks down to only these two products.

These data from the 36Cl-labeled sucralose study were then used to deter-
mine whether all the sucralose could be accounted for as the hydrolysis products
and sucralose. Mass balance, for the purpose of this study, is defined as the per-
cent of sucralose accounted for by residual sucralose and the hydrolysis products
and is shown in Table 3. These data show that all of the sucralose was accounted
for as sucralose, 4-chlorogalactose, or 1,6-dichlorofructose, and there is no indi-
cation of any other sucralose breakdown products at these pHs. No other com-
pounds were formed, and the 4-chlorogalactose and 1,6-dichlorofructose did not
interact or break down further.

A second radiolabeled stability study was performed in baked goods. The
objective of this study was to demonstrate the stability of sucralose in a variety
of common baked goods prepared under typical baking conditions. For this study,
14C-labeled sucralose was used to minimize the difficulties associated with the
recovery and detection of low levels of sucralose in the presence of carbohydrates

Figure 11 pH 3.0 cola 40°C stability.
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Table 3 Percent Mass Balance in 36Cl-Labeled Sucralose Stability Study
at 40°C Storage

Solution 8 wk 16 wk 26 wk 52 wk

Aqueous buffer
pH 2.5 99.8 98.9 98.8 100.0
pH 3.0 99.9 99.9 99.6 100.1
pH 3.5 100.2 100.0 100.0 100.1

Cola
pH 3.0 99.9 102.0 99.8 100.8
pH 3.5 100.0 99.7 100.1 100.1

found in baked goods. Cakes, cookies, and graham crackers were selected for
this study, because they represent a cross section of common bakery ingredients
and typical baking conditions encountered in the baking industry.

The baked goods were prepared under simulated baking time and tempera-
ture conditions. The sucralose was recovered by aqueous extraction, and the ex-
tracts were cleaned up by a methanol precipitation before TLC analysis.

The total radioactivity expected for 100% recovery of the 14C-labeled mate-
rial from each baked product was calculated and compared with the actual level
of radioactivity recovered in the aqueous extract. This comparison demonstrated
that essentially 100% of the sucralose radioactivity that was added to each formu-
lation before baking was recovered by the extraction of the baked goods.

With the demonstration of complete recovery of the radiolabled material,
the extracts were subjected to TLC using two solvent systems independently as
eluents. The solvent systems were selected because of their ability to separate
sucralose from its potential breakdown products. The amount of radioactivity
was quantitatively determined. The quantity and distribution of radioactivity con-
tained in each baked product extract was compared with the quantity and distribu-
tion of a sucralose standard solution.

The most significant findings of this study were that no products other
than sucralose were found under the conditions of this experiment, and the TLC
distribution of radioactivity from the baked goods extracts corresponded almost
exactly with that of the sucralose standard. These findings demonstrate that sucra-
lose is a sweetener that is suitable for its intended use as a high-potency sweetener
in baked goods (14).

These model system stability studies and the subsequent data from actual
products clearly demonstrate that sucralose is a remarkably stable ingredient that
has a wide range of applicability. Furthermore, it is unlikely that stability will
in any way restrict the use of sucralose in formulations.
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N. Analytical Methodology

Significant efforts have been made to develop analytical methods for the recovery
and analysis of sucralose from food products. HPLC has been shown to be the
most effective analytical method for precision and accuracy in the analysis of
sucralose.

As with much of food analysis, the extraction method is the key to accept-
able recoveries. The solubility of sucralose in water and in alcohol facilitates the
selective extraction of sucralose from food products. When required, additional
sample clean up and concentration of sucralose is achieved using solid phase
extraction (SPE) techniques. A nonpolar C-18 SPE cartridge has been most effec-
tive in most of the applications evaluated. An Alumina SPE cartridge has been
most effective for dairy products.

Reversed-phase HPLC using a C-18 column with a mobile phase of 70%
water and 30% methanol is used in most analyses. Occasionally, acetonitrile is
used in place of methanol. Injection volumes typically in the range of 100–150
ul are used, but they vary with the concentration of sucralose in the sample being
evaluated.

Although several options exist regarding detection, refractive index is typi-
cally the most appropriate. Refractive index provides a detection system that
has fewer problems with interference than ultraviolet detection and can be used
effectively when temperature is controlled (13).

V. USE OF SUCRALOSE IN FOOD APPLICATIONS

A. Food Categories Included in U.S. Food
Additive Petition

Because of the excellent physicochemical characteristics and the remarkable sta-
bility of sucralose, a petition, broad in scope to allow the use of sucralose, was
developed and submitted to the U.S. FDA in February 1987. This petition covered
many traditional categories of use for high-potency sweeteners and several non-
traditional use categories. Table 4 lists the Code of Federal Regulation (CFR)
categories for which sucralose use was petitioned. These categories are broad in
nature and are not product specific. The data submitted in the sucralose food
additive petition clearly demonstrated that sucralose has both the safety profile
and the stability requirements for the effective use of the sweetener in all of the
petitioned categories. Therefore, the FDA approved sucralose for use in these
categories in April 1998. Recognizing the unique combination of safety, esti-
mated use level, and stability,the FDA approved the use of sucralose as a general-
purpose sweetener in August 1999. These data and regulatory actions established
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Table 4 Initial Application Categories in Sucralose Food Additive Petition (U.S.)

• Baked goods and baking mixes • Fruits and water ices
• Beverages and beverage bases • Gelatins and puddings
• Chewing gum • Jams and jellies
• Coffee and tea • Milk products
• Confections and frostings • Processed fruits and fruit juices
• Dairy products analogs • Sugar substitutes
• Fats and oils (salad dressings) • Sweet sauces, toppings, and syrups
• Frozen dairy desserts and mixes

Table 5 Suggested Sucralose Usage Levels in Selected Applications

Recommended Recommended
sucralose sucralose

usage level usage level
Product category (ppm) Product category (ppm)

Beverages
Frozen desserts 100–150 Ready to drink 150–250

Ice cream type 75–150 Powdered (as consumed) 200–250
Ice milk type 100–200 Carbonated 175–225
Sherbert type 150–250 Fountain syrup 1700–1900
Water ice

Baked goods Syrups
Cake 500–600 Pancake 1000–1500
Cookies 300–350 Chocolate 1000–1300
Apple pie 175–225 Fruit products

filling
Brownies 200–300 Jams and jellies 400–850
Graham cracker 200–300 Canned fruit 250–300
Cheesecake 200–250 Powdered desserts

Dairy products Instant pudding 250–350
Plain yogurt 100- 150 Chewing gum 500–500
Fruit yogurt 175–225 Pourable salad dressing 100–150
Flavored milk 60–100
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the relative limitless uses of sucralose governed by its physicochemical character-
istics and high-quality taste.

B. Typical Sucralose Usage Levels

Extensive development in support of commercialization of sucralose demon-
strates the usefulness of sucralose in sweetening high-quality food and beverage
products. The incorporation of sucralose into hundreds of products in countries
around the world substantiates the data developed in those studies. Table 5 lists
suggested use levels for sucralose in a range of applications. The actual use level
in specific formulations varies depending on sweetness level desired, other ingre-
dients used in the formulation, and flavor systems used.

VI. PATENT STATUS

An extensive patent portfolio is related to sucralose that covers its use, methods
of synthesis, and other intellectual property. Patents related to sucralose were
first issued in the United Kingdom in 1979, Canada in 1981, and the United
States in 1982.

VII. CONCLUSION

Sucralose is a high-quality, high-potency, noncaloric sweetener that is derived
by the selective chlorination of sucrose. The resulting product is extraordinarily
stable with excellent physicochemical characteristics that permit the use in a wide
variety of applications. The safety database has shown sucralose to be safe for
its intended uses for human consumption. These characteristics provide the food,
beverage, and pharmaceutical industry with a unique opportunity to improve ex-
isting products and develop totally new products that will meet the ever-growing
consumer demand for good-tasting, high-quality products.
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I. INTRODUCTION

In this chapter, recent progress on the study and use of several less commonly
encountered naturally occurring and synthetic sweet substances will be described.
Several of the natural sweeteners have served as template molecules for extensive
synthetic modification. Greater emphasis will be provided for those compounds
that have commercial use as a sweetener in one or more countries, and priority
will be given to those sweet compounds for which there is recent published infor-
mation. Following the format of the earlier versions of this chapter (1, 2), sub-
stances that modify the sweet taste response will also be mentioned.

II. NATURALLY OCCURRING COMPOUNDS

A. Glycyrrhizin

Glycyrrhizin, which is also known as glycyrrhizic acid, is an oleanane-type
triterpene glycoside whose use as a sweetener has been reviewed (1–5). This
compound (Fig. 1), a diglucuronide of the aglycone, glycyrrhetinic acid, is ex-
tracted from the rhizomes and roots of licorice (Glycyrrhiza glabra L. Fabaceae)
and other species in the genus Glycyrrhiza. In its natural form, the compound
occurs in G. glabra in yields of 6–14% as a mixture of metallic salts. Well-

209
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established procedures are available for the extraction and purification of glycyr-
rhizin from the plant. Conversion of glycyrrhizin to ammoniated glycyrrhizin (by
treatment of a hot-water extract of licorice root with sulfuric acid followed by
neutralization with dilute ammonia) results in a more water-soluble compound
that is reasonably stable at elevated temperatures (1–3). Glycyrrhizin has been
rated as approximately 50–100 times the sweetness of sucrose, although it has
a slow onset of sweet taste and a long aftertaste. Ammoniated glycyrrhizin has
similar hedonic properties to glycyrrhizin. Its sweetness potency, which is about
50 times that of sucrose, is increased in the presence of sucrose (1, 2). There
have been several attempts to modify the sensory parameters of glycyrrhizin by
synthetically modifying its carbohydrate units (2, 5). Recently, it has been found
that the monoglucuronide of glycyrrhizic acid (MGGR; Fig. 1) is 941 times
sweeter than sucrose and is sweeter than several other glycyrrhizin monoglyco-
sides (4–6). MGGR may be produced from glycyrrhizin by enzymatic hydrolysis
using a microbial enzyme from Cryptococcus magnus (4) and is now used com-
mercially in Japan to sweeten dairy products such as yogurt, chocolate milk, and
soft drinks flavored with fruits (7). Other derivatives of glycyrrhizin that are
sweeter than the parent compound and MGGR are esters of 3-O-β-glycyrrhetinic
acid with l-aspartyl dipeptide derivatives (8) and with α-amino acids (9). Perian-
drins I–IV are additional naturally occurring oleanane-type triterpene glycosides
that were isolated by Hashimoto and colleagues from the roots of Periandra
dulcis Mart. (Fabaceae) (Brazilian licorice) in the early 1980s. These compounds
are 90–100 times sweeter than sucrose but occur in the plant in low yields and
are somewhat difficult to purify from bitter substances with which they co-occur
(1, 2). A fifth compound in this series, periandrin V, which varies structurally
from periandrin I as a result of the substitution of a terminal β-d-glucuronic acid
unit by a β-d-xylopyranosyl moiety, exhibits about twice the sweetness potency

Figure 1 Structures of glycyrrhizin and MGGR. (GlcA � d-glucuronopyranosyl).
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of the other periandrins (10). While it was at one time thought that glycyrrhizin
was the sweet principle of the leaves of Abrus precatorius L. (Fabaceae), five
novel cycloartane-type triterpene glycosides, abrusosides A-E, proved to be re-
sponsible for this sweetness. Although these compounds are pleasantly sweet and
their water-soluble ammonium salts were rated as up to 100 times the sweetness
potency of sucrose, they produce a long-lasting sweet sensation and occur in the
leaves in less than 1% w/w combined yield (11, 12).

Partially purified Glycyrrhiza extracts, which contain at least 90% w/w
glycyrrhizin, are used widely in Japan for sweetening and flavoring foods, bever-
ages, oriental medicines, cosmetics, and tobacco (1, 2). In 1994, it was reported
that about 9000 tons of licorice are imported into Japan each year, mainly from
Afghanistan, Pakistan, the People’s Republic of China, and Russia (4). In the
United States, ammoniated glycyrrhizin is included in the generally recognized
as safe (GRAS) list of approved natural flavoring agents, not as an approved
sweetener (13). There are many applications for this compound as a flavorant,
flavor modifier, and foaming agent. Although it is useful for incorporation into
confectionery and dessert items, ammoniated glycyrrhizin is only used in carbon-
ated beverages that do not have too low a pH because this substance tends to
precipitate at pH levels less than 4.5 (1).

There is a very extensive literature on biological activities of glycyrrhizin
other than its sweetness as exemplified by its antiallergic, anti-inflammatory, anti-
tussive, and expectorant actions. Unfortunately, the widespread use of glycyr-
rhizin and ammoniated glycyrrhizin by humans has been found to lead to pseudo-
aldosteronism, which is manifested by hypertension, edema, sodium retention,
and mild potassium diuresis (1, 2, 14, 15). The 11-oxo-∆12,13-functionality in ring
C of glycyrrhetinic acid has been attributed as the part of the molecule responsible
for this untoward activity (2). Glycyrrhetinic acid is known to inhibit the renal
enzyme 11β-hydroxysteroid dehydrogenase, which catalyzes the inactivation of
cortisol to cortisone (14). The Ministry of Health in Japan has issued a caution
stipulating that glycyrrhizin consumption should be limited to 200 mg/day when
used in medicines (2). Similarly, the Dutch Nutrition Information Board has ad-
vised against daily glcyrrhizin intake in excess of 200 mg, corresponding to about
150 g of licorice confectionery (3). Glycyrrhizin, at a level of 0.5–1%, has been
shown to inhibit plaque formation mediated by Streptococcus mutans, a cario-
genic bacterial species (2). As a consequence, it has been suggested that glycyr-
rhizin is suitable for wider use as a vehicle and sweetener for medications used
in the oral cavity (2).

B. Mogrosides

Mogrosides IV and V are the principal sweet cucurbitane-type triterpene glyco-
side constituents of the dried fruits of the Chinese plant lo han kuo. This species,
a member of the family Cucurbitaceae, was accorded the binomial Momordica
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grosvenorii Swingle in 1941, which was then changed to Thladiantha grosvenorii
(Swingle) C. Jeffrey in 1979. However, more recently, the plant name has been
changed again to Siraitia grosvenorii (Swingle) C. Jeffrey. Chemical studies on
this plant did not begin until the 1970s (2).

The structures of mogrosides IV and V (Fig. 2) were established by Take-
moto and colleagues after extensive chemical and spectroscopic studies (2). The
most abundant sweet principle of lo han kuo dried fruits is mogroside V, which
may occur at concentration levels of more than 1% w/w (2). Mogroside V is a
polar compound, because it contains five glucose residues, which readily permit
its extraction into either water or 50% aqueous ethanol. Aqueous solutions con-
taining mogroside V are stable when boiled (1, 2). Mogrosides IV and V have
been rated as being in the ranges 233–392 and 250–425 sweeter than sucrose
by human taste panels, depending on the concentrations at which they were tested
(2, 16). Several other minor sweet and nonsweet cucurbitane-type triterpenoid
glycoside constituents have been reported from both the dried and fresh fruits of
S. grosvenorii (17, 18). Of these, siamenoside I was rated as much as 563 times
sweeter than sucrose at a concentration of 0.010% w/v (17).

Extracts made from lo han kuo fruits have long been used by local popula-
tions in Kwangsi province in southern regions of the People’s Republic of China
for the treatment of colds, sore throats, and minor stomach and intestinal com-
plaints (2). Preparations made from lo han kuo are available in Chinese medicinal
herb stores in several countries including the United States. Recently, a major
corporation in the United States has filed a patent application for the use of ex-

Figure 2 Structures of mogroside IV and mogroside V. (Glc � d-glucopyranosyl.)
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tracts from S. grosvenorii and other Siraitia species as a sweet juice (19). It was
estimated that the domestic demand for lo han kuo fruits containing mogroside
V for food, beverages, and medicinal products in Japan in 1987 was 2 metric
tons, representing a sales volume of 40 million yen (2).

Safety studies on mogroside V have not been extensive to date. The com-
pound has been found to be nonmutagenic when tested in a forward mutation
azaguanine assay with Salmonella typhimurium strain TM677 (2). Mogroside V
produced no mortalities when administered by oral intubation at doses up to 2
g/kg body weight in acute toxicity studies in mice, and an aqueous extract of lo
han kuo fruits exhibited an LD50 in mice of �10 g/kg body weight (2). There
appear to have been no adverse reactions among human populations who have
ingested aqueous extracts of lo han kuo, which would be expected to contain
substantial quantities of mogroside V. Therefore, lo han kuo extracts containing
mogroside V are worthy of wider application for sweetening purposes in the
future because of their apparent safety in addition to favorable sensory, stability,
solubility, and economic aspects.

C. Phyllodulcin

Phyllodulcin is produced from its naturally occurring glycosidic form by enzy-
matic hydrolysis when the leaves of Hydrangea macrophylla Seringe var. thun-
bergii (Seibold) Makino (Saxifragaceae) and other species in this genus are
crushed or fermented. Phyllodulcin (Fig. 3) is a dihydroisocoumarin and was
isolated initially in 1916 and structurally characterized in the 1920s. In 1959,
this sweet compound was found to have 3R stereochemistry (2). In recent work,
phyllodulcin from the unprocessed leaves of its plant of origin has been found
to be a 5:1 mixture of the R and S forms (20). Phyllodulcin has been detected
in the leaves of H. macrophylla subsp. serrata var. thunbergii at levels as high
as 2.36% w/w (2). Several patented methods are available for the purification of
phyllodulcin. In one such procedure, after initial extraction from the plant with
methanol or ethanol, hydrangenol (a nonsweet analog of phyllodulcin) and pig-
ment impurities were removed after pH manipulations and extraction with chloro-

Figure 3 Structure of phyllodulcin.



214 Kinghorn and Compadre

form. Phyllodulcin was then selectively extracted in high purity at pH 10 with
a nonpolar solvent (2). The relative sweetness of phyllodulcin has been variously
reported as 400 and 600–800 times sweeter than sucrose, although the compound
exhibits a delay in sweetness onset and a licorice-like aftertaste (2). There have
been extensive attempts to modify the phyllodulcin structure to produce com-
pounds with improved sensory characteristics. As a result of such investigations,
it has been established that the 3-hydroxy-4-methoxyphenyl (isovanillyl) unit of
phyllodulcin must be present for the exhibition of a sweet taste, but the phenolic
hydroxyl group and the lactone function can be removed without losing sweetness
(2, 16, 21). To date, the phyllodulcin derivatives that have been produced synthet-
ically seem to have limitations in terms of their water solubility, stability, and/
or sensory characteristics (2). Phyllodulcin remains an attractive target for total
synthesis, with a number of additional procedures reported recently (22–24).

The fermented leaves of H. macrophylla var. thunbergii (Japanese name
amacha) are used in Japan to produce a sweet tea that is consumed at Hamatsuri,
a Buddhist religious festival (2). This preparation is listed in volume XIII of the
Japanese Pharmacopeia and is used also in confectionery and other foods for
its cooling and sweetening attributes (20). A 1987 estimate indicated that demand
for extracts of Hydrangea species containing phyllodulcin was 1 metric ton, with
a value of 15 million yen (2). Pure phyllodulcin has been found to be nonmuta-
genic in a forward mutation assay and also not acutely toxic to mice when admin-
istered by oral intubation at up to 2 g/kg body weight (2). The low solubility in
water and the sensory shortcomings of phyllodulcin that have been mentioned
would seem to limit the prospects of this natural product from becoming more
widely used as a sweetener in the future.

D. Sweet Proteins

1. Thaumatin

Thaumatins I and II are the major sweet proteins obtained from the arils of the
fruits of the West African plant Thaumatococcus daniellii (Bennett) Benth. (Mar-
antaceae), with altogether five different thaumatin molecules now known (thau-
matins I, II, III, and a and b) (2, 25). Thaumatin I, composed of 207 amino acid
residues, of molecular weight 22,209 daltons, has a relative sweetness of between
1600 and 3000 when compared with sucrose on a weight basis (2, 25). Thaumatin
protein (which is known by the trade-name of Talin protein) was comprehen-
sively reviewed by J.D. Higginbotham in the First Edition of Alternative Sweeten-
ers in terms of botany, production, biochemistry, physical characteristics, sensory
parameters, sweetness synergy with other substances, applications (including
flavor potentiation and aroma enhancement effects), safety assessment, cario-
genic evaluation, and regulatory status (2) and has been featured in other reviews
on sweet proteins (25–27). Accordingly, this sweet protein is not considered in
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depth in this chapter. However, the recent literature on thaumatin I is extensive
and includes x-ray crystallographic studies (28, 29), investigations on sites in the
molecule responsible for the sweet taste of this protein (e.g., 30), and methods
for the production of this sweet substance using recombinant strains of fungi and
bacteria (e.g., 31–33).

Talin protein was initially permitted as a food additive in Japan in 1979
(2). In 1987 there was an estimated Japanese demand of 200 kg of thaumatin,
which was valued at a price of 350,000 yen per kilogram (2). Despite the fact
that Talin protein has been approved as a sweetener in Australia and several
European countries (2, 34), it now appears that the major use of this product in
the future will be as a flavor enhancer. In the United States, thaumatin has been
accorded GRAS status as a flavor adjunct for a number of categories, including
milk products, fruit juices and ices, poultry, egg products, fish products, processed
vegetables, sweet sauces, gravies, instant coffee and tea, and chewing gum.

2. Monellin

The sweet protein isolated from the fruits of another African plant, Dioscoreophyl-
lum cumminsii (Stapf) Diels (Menispermaceae), has been called ‘‘monellin,’’ a
substance containing two polypeptide chains of molecular weight 11,086 daltons
(2, 25). ‘‘Monellin’’ is actually monellin 4, one of five sweet proteins, named
monellins 1–5, that have been isolated from this plant (2). Isolation procedures
on buffered aqueous extracts of D. cumminsii fruit pulp enable 3–5 g of protein
to be purified per kilogram of fruit, with a sweetness intensity relative to 7% w/v
sucrose of 1500–2000 times (2). Monellin is somewhat costly to produce, and
its plant of origin is difficult to propagate. In addition, the compound has a slow
onset of taste, along with a persistent aftertaste, and its sweet effect is both ther-
molabile and pH sensitive (2). No toxicological data appear to have been pub-
lished for this compound (2).

Despite the fact that monellin is not used commercially as a sweetener,
there has been considerable interest in this compound in the scientific literature,
particularly in regard to its crystal structure (25, 35), chemical synthesis (25, 36),
recombinant production (37, 38), and molecular mechanism of sweet taste (39).

3. Other Sweet Proteins

Mabinlins I and II are sweet proteins produced by the seeds of Capparis masakai
Lévl (Capparidaceae), a plant that grows in Yunnan province in the People’s
Republic of China, and used in traditional Chinese medicine to treat sore throats
and as an antifertility agent (2). Children are reported to chew the seed meal of
C. masakai both as a result of its sweet taste and because it imparts a sweet taste to
water drunk later (2). The molecular weights of mabinlins I and II were originally
reported as 11,600 and 10,400 daltons, respectively (2). In early work, these sweet
albumins were found to occur in a combined yield of 13% w/w of the dry weight
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of the defatted seeds, with mabinlin I being the major component (2). Altogether,
five homologs have been isolated from impure mabinlin protein, using sequen-
tial extraction with 0.5 M NaCl solution, ammonium sulfate fractionation, CM-
Sepharose ion-exchange chromatography, and gel filtration (25). Mabinlins I and
II are reported to be less sweet than thaumatin and monellin, although similar in
sweetness quality (2). The sweet taste of mabinlin II persists on incubation at
80°C for 48 hr at pH 6, although the sweetness of mabinlin I is lost after 30 min
when stored under the same conditions (2). However, a 0.1% solution of mabinlin
II synthesized chemically using a solid-phase method exhibited an astringent-
sweet taste (40). Owing to its heat stability, most recent interest has focused on
mabinlin II among the C. masakai seed proteins, and this substance has been
produced by cloning and DNA sequencing (41). To date, no pharmacological
studies appear to have been performed on any of the mabinlin proteins.

Pentadin is a sweet protein with an estimated molecular weight of about
12,000 daltons and a sweetness potency of about 500 times sweeter than sucrose
on a weight basis, which was reported from the fruits of the African plant Pentadi-
plandra brazzeana Baillon (Pentadiplandraceae) about 10 years ago. More re-
cently, a second sweet protein, brazzein, has been described from the same plant
source as pentadin (42). Brazzein was isolated and the amino acid sequence char-
acterized by Ming and Hellekant and consists of 54 amino acid residues with a
molecular weight 6473 daltons. This substance was rated as 2000 times and 500
times sweeter, respectively, than 2% w/v and 10% w/v sucrose, with a more
sucroselike temporal profile than other protein sweeteners (42). The sweetness
is not destroyed by storage at 80°C for 4 hr (42). In subsequent work, four disul-
fide bonds in brazzein were determined by mass spectrometry and amino acid
sequencing of the cystine-containing residues present (43). The compound has
been synthesized by a solid-phase method, and the product was identical to natu-
ral brazzein (44). Complete 1H and partial 13C NMR information (45) and prelimi-
nary x-ray crystallographic data (46) have been obtained for brazzein. Accord-
ingly, brazzein has considerable promise for future commercialization as a
naturally occurring sweetening agent, because of its favorable taste profile and
thermostability.

A final sweet protein that has been discovered recently is curculin from
the fruits of Curculigo latifolia (Hypoxidaceae) (25, 47). This will be discussed
later in the chapter in the section on sweetness-enhancing agents.

E. Miscellaneous Highly Sweet Plant Constituents

1. Hernandulcin

Hernandulcin (Fig. 4) is a bisabolane sesquiterpene, which was isolated initially
as a minor constituent of a petroleum ether-soluble extract from the aerial parts
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Figure 4 Structures of hernandulcin and 4β-hydroxyhernandulcin.

of the herb Lippia dulcis Trev. (Verbenaceae), collected in Mexico. This plant
was known to be sweet by the Aztec people, according to the Spanish physician
Francisco Hernández, who wrote a monograph entitled Natural History of New
Spain between 1570 and 1576. The L. dulcis sweet constituent was named in
honor of Hernández and was rated as 1000 times sweeter than sucrose on a molar
basis when assessed by a taste panel (2). Racemic hernandulcin was synthesized
by a directed aldol condensation from two commercially available ketones and
the naturally occurring (6S,1′S)-diastereomer was produced in the laboratory
from (R)-limonene (2). It has been concluded by analog development that the
C-1′ hydroxyl and the C-1 carbonyl groups of hernandulcin represent the AH
and B groups in the Shallenberger model of sweetness, and the C-4′, C-5′ double
bond is a third functionality necessary for the exhibition of a sweet taste (2).
In the last few years, several different synthetic routes have been proposed for
hernandulcin [mainly in its (�)-racemic form], and the natural (�)-form was
produced in both hairy root and shoot cultures of Lippia dulcis (reviewed in 12).
A recollection of Lippia dulcis from Panama afforded (�)-hernandulcin in a high
yield at the flowering stage (0.15% w/w) (48). Also obtained from this Panama-
nian sample was a second sweet substance, (�)-4β-hydroxyhernandulcin (Fig.
4), in which the 4β-OH group provides a possible linkage position for sugars
and other polar moieties to synthesize more water-soluble hernandulcin analogs
(13, 48). Racemic hernandulcin was not a bacterial mutagen and was not acutely
toxic for mice in preliminary safety studies (2). The high sweetness potency of
hernandulcin is marred by an unpleasant aftertaste and some bitterness, and the
molecule is thermolabile (2, 12).

2. Rubusoside

Tanaka and coworkers have determined the ent-kaurene diterpene rubusoside
(Fig. 5) to be responsible for the sweet taste of the leaves of Rubus suavissimus
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Figure 5 Structure of rubusoside. (Glc � d-glucopyranosyl.)

S. Lee (Rosaceae), a plant indigenous to southern regions of the People’s Repub-
lic of China (2). Rubusoside is extractable from the plant with hot methanol and
occurs in high yield in the leaves of R. suavissimus (�5% w/w) (2). When evalu-
ated at a concentration of 0.025%, rubusoside was rated as possessing 114 times
the sweetness of sucrose, although its quality of taste sensation was marred by
some bitterness. Several minor analogs of rubusoside have been isolated and
characterized from R. suavissimus leaves, with some found to taste sweet and
others bitter or neutral tasting (49). A considerable amount of work has been
performed on the 1,4-α-transglucosylation of rubusoside, using a cyclodextrin-
glucanotransferase-starch (CGTase) system produced from Bacillus circulans to
produce improved sweeteners based on this parent compound (50).

A sweet tea called tian-cha, prepared from the leaves of R. suavissimus is
consumed as a summer beverage in Guangxi province in the People’s Republic
of China. Also, during festivals, local populations mix aqueous extracts with rice
to make cakes. Furthermore, the tea made from the leaves of R. suavissimus has
been used in folk medicine to treat diabetes, hypertension, and obesity (2). More
recently, R. suavissimus leaves have begun to be used as a ‘‘health-giving’’ food
ingredient in Japan because in addition to rubusoside and the other minor sweet
principles, antiallergic ellagitannins are also present (5). In an acute toxicity ex-
periment on rubusoside, the LD50 was established as about 2.4 g kg body weight
when administered orally to mice (2). Subsequently, in a subacute toxicity study,
rubusoside was incorporated into the diet of mice for 60 days at a dose of one-
tenth the LD50, and no distinct toxicity or side effects were observed (2). However,
the aglycone of rubusoside is steviol (ent-13-hydroxykaur-16-en-19-oic acid),
which has been shown to be mutagenic in bacterial forward mutation assays when
metabolically activated (2). The mutagenicity of steviol is discussed more fully
in Chapter 10.

3. Baiyunoside

Baiyunoside (Fig. 6) is a labdane-type diterpene glycoside based on the aglycone,
(�)-baiyunol, which was first isolated in 1983 by Tanaka and coworkers from
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Figure 6 Structure of baiyunoside. (Glc � d-glucopyranosyl; xyl � d-xylopyranosyl.)

a plant used in Chinese traditional medicine, namely, Phlomis betonicoides Diels
(Labiatae) (2). This butanol-soluble compound was found to be about 500-fold
sweeter than sucrose and to possess a lingering aftertaste lasting more than 1 hr
(2). Synthetic routes are available for both (�) and (�)-baiyunol, and a general
glycosylation procedure has been developed for baiyunol (2). More recently,
Nishizawa’s group has synthesized a large number of baiyunoside analogs, some
of which were as sweet or sweeter than the parent compound (51). No safety
studies appear to have been performed thus far on baiyunoside.

4. Steroidal Saponins

Osladin is a steroidal saponin constituent of the fern Polypodium vulgare L.
(Polypodiaceae), which was isolated and structurally characterized by Herout
and coworkers in 1971 (2). The stereochemistry of the aglycone of osladin was
defined by Havel and Cerny in 1975, although the configuration of the rham-
nopyranosyl unit at C-26 was not determined. However, when the compound
assigned as osladin by Herout et al. was synthesized by Yamada and Nishi-
zawa, it was not found to be sweet (52, 53). It turned out that the C-22S, C-25R,
C-26S stereochemistry originally proposed for osladin required reassignment as
C-22R, C-25S, C-26R (Fig. 7) (52, 53). Moreover, the original sweetness intensity
value for osladin relative to sucrose was revised downward from 3000 to 500
(53).

A related steroidal saponin, polyposide A was isolated as the major sweet
principle of the rhizomes of Polypodium glycyrrhiza D.C. Eaton (Polypodiaceae)
(2). This plant is known by the common name of ‘‘licorice fern’’ and is a North
American species native to the Pacific northwest. Polypodioside A was originally
assigned as the ∆7,8 analog of osladin, with the configurations of the sugar substit-
uents being determined using spectroscopic methods (2). The aglycone of polypo-
doside A was identified as the known compound, polypodogenin, a compound
whose stereochemistry was proposed by Czech workers (2). However, a need
was felt to re-examine polypodoside A (Fig. 7), given the uncertainty in the ste-
reochemistry of osladin referred to previously, and synthetic interconversion
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Figure 7 Structures of osladin and polypodoside A. (Glc � d-glucopyranosyl; rha �
l-rhamnopyranosyl.)

work also led to a structural revision from C-22S, C-25R, C-26S to C-22R, C-25S,
C-26R for this sweet P. glycyrrhiza constituent (54). Polypodoside A was found
to be nonmutagenic and not acutely toxic for mice when dosed by oral intubation
at up to 2 g/kg body weight (2). In subsequent sensory tests using a small human
taste panel, polypodoside A was assessed as exhibiting 600 times the sweetness
intensity of a 6% sucrose solution but also revealed a licorice-like off-taste and
a lingering aftertaste (2). Thus, the potential of polypodoside A for commercial-
ization is marred by its relative insolubility in water, its sensory characteristics,
and difficulties in collecting P. glycyrrhiza rhizomes (2). Despite the fact that
osladin has now been subjected to total synthesis, it is probable that this com-
pound will have similar limitations to polypodoside A in terms of its potential
commercial prospects, as previously noted (1, 2).

5. Pterocaryosides A and B

Pterocarya paliurus Batal. (Juglandaceae) is a plant whose leaves are used by
local populations in Hubei province, People’s Republic of China, to sweeten
foods. Two sweet-tasting secodammarane saponins, designated pterocaryosides
A and B (Fig. 8), were isolated from an extract of the leaves and stems of P.
paliurus (55). These compounds differ structurally in only the nature of the
attached sugar (a d-quinovose unit in pterocaryoside A compared with an l-
arabinose unit in pterocaryoside B). Pterocaryosides A and B were shown not to
be toxic in bacterial mutagenesis and mouse acute toxicity tests and were rated
as about 50 and 100 times sweeter than 2% w/v sucrose, respectively (55). Ptero-
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Figure 8 Structures of pterocaryosides A and B. (Qui � d-quinovopyranosyl; ara �
l-arabinopyranosyl.)

caryosides A and B, in being the first sweet-tasting secodammarane sweeteners
to have been discovered, represent a new sweet-tasting chemotype and may serve
as useful lead compounds in the future for synthetic optimization (55). Additional
work on Pterocarpa (Cyclocarya) paliurus carried out in the People’s Republic
of China has led to the isolation of several sweet dammarane glycosides (56).

III. SYNTHETIC COMPOUNDS

In addition to the well-known synthetic sweeteners described in other chapters
of this book, activity in this area has yielded some of the most intensely sweet
compounds known to mankind and has improved our understanding of the struc-
tural requirements for the sweet-tasting response.

A. Oximes

Perillartine (Fig. 9), the α-syn-oxime of perillaldehyde, has been known to be
highly sweet since 1920 and is reported to be up to 2000 times sweeter than
sucrose (1, 2). In contrast, perillaldehyde itself (Fig. 9), the major constituent of
the volatile oil of Perilla frutescens (L.) Britton (Labiatae), is only slightly sweet.
Perillartine is used commercially in Japan as a replacement for maple syrup or
licorice for the sweetening of tobacco, but more widespread use of this compound
for sweetening has been restricted by a limited solubility in water, an appreciably
bitter taste, as well as a menthol-licorice off-taste that accompanies sweetness
(1, 2).
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Figure 9 Structures of (a) perillaldehyde, (b) perillartine, and (c) SRI oxime V.

The intense sweetness and structural simplicity of perillartine have pro-
moted the synthesis of numerous analogs (1, 2, 57). This work has not only led
to a better understanding of the functional groups in compounds of the oxime
class that confer sweetness and bitterness, but has also led to the development
of several improved sweet compounds. One of the most promising of such deriva-
tives is SRI oxime V (Fig. 9). This compound is 450 times sweeter than sucrose
on a weight basis and exhibits much improved water solubility when compared
with perillartine.

SRI oxime V has no undesirable aftertaste and is stable above pH 3 (1, 2).
This substance was shown not to be a bacterial mutagen in the Ames assay and
exhibited an LD50 of �1 g/kg body weight in the rat after a single oral dose
(2). The compound is readily absorbed and metabolized, with excretion nearly
quantitative within 48 hr after administration to the rat, dog, and rhesus monkey.
The major metabolites of SRI oxime V were found to be products resulting from
the oxidation of either the methoxymethyl or the aldoxime moieties, as well as
those occurring after thioalkylation and glucuronidation (2). Subchronic toxicity
tests on this compound conducted in rats with a diet containing 0.6% SRI oxime
V for 8 wk revealed no apparent toxic effects. It has been suggested that SRI
oxime V shows such promise as an artificial sweetener that a chronic toxicity
evaluation is warranted (2).

B. Urea Derivatives

Dulcin (p-ethoxyphenylurea) has been known to be sweet for more than a cen-
tury. The compound is about 200 times sweeter than sucrose and was briefly
marketed as a sucrose substitute in the United States. Commercial use of this
compound was discontinued after it was found to be toxic to rats at a low dose.
Dulcin has also been found to be mutagenic (1, 2).

Another group of sweet ureas of more recent interest are the carboxylate-
solubilized p-nitrophenyl derivatives, which were discovered by Peterson and
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Figure 10 Structure of suosan.

Müller (1, 2). Suosan, the sodium salt of N-(p-nitrophenyl)-N′-(β-carboxyethyl)-
urea (Fig. 10), is representative of this series and has been reported to be about
350 times sweeter than sucrose, although it has significant bitterness. Other com-
pounds in this class are even sweeter than suosan (1, 2). Structure-sweetness
relationships have been investigated for the sweet-tasting arylureas (1, 2).

Combination of the structures of cyanosuasan and aspartame has led to the
development of superaspartame (Fig. 11) with a sweetness potency of 14,000
times that of sucrose (57). The observation that a replacement of the ureido moi-
ety (NHCONH) with a thioureido moiety (NHCSNH) increases sweetness po-
tency has led to the development of compounds such as the thio derivative of
superaspartame, which is reported to be 50,000 times sweeter than sucrose. The
sweetness potentiation induced by sulfur has been reviewed by Roy (58).

Structure-activity relationship investigations in the suosan series of sweet-
eners has been extended to include additional replacements for the carboxyl
group. Tetrazole analogs have been prepared and were found to be sweet. How-
ever, both the urea and thiourea tetrazolyl analogs exhibited reduced potency
compared with the carboxyl-containing compounds (59).

C. N-Alkylguanidines

Nofre and coworkers reported the synthesis of a series of (phenylguanidino)- and
{[1-phenylamino)ethyl]amino}-acetic acid derivatives with varying sweetness

Figure 11 Structure of superaspartame.
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Figure 12 Structure of sucrononic acid in the zwitterionic form.

potencies (2). Sucrononic acid (Fig. 12), an N-cyclononylguanidine derivative,
represents the most potent synthetic sweetener, with a reported sweetness potency
of 200,000 times that of 2% sucrose solution (57). Recently, monoclonal antibod-
ies against the N-alkylguanidine family of highly sweet-tasting compounds have
been developed (60). These antibodies may be useful probes in the study of sweet
taste chemistry and in the identification of novel sweet taste ligands from combi-
natorial chemical libraries.

D. Miscellaneous Compounds

1. Tryptophan Derivatives

The sweetness of derivatives of the amino acid tryptophan was discovered by
Kornfield and his coworkers in 1968, when it was observed that racemic 6-triflu-
oromethyltryptophan has an intensely sweet taste (1, 2). Additional studies dem-
onstrated that these compounds are sweet when in the d-form, with 6-chloro-
d-tryptophan being some 1000 times sweeter than sucrose. The l-form of this
compound is tasteless but has been found to produce antidepressant activity (2).

It was reported by Finley and Friedman that racemic N′-formyl and N′-
acetyl derivatives of kynurenine, an intermediate in the metabolism of tryptophan,
are approximately 35 times sweeter than sucrose and elicit an immediate sweet
taste on contact with the tongue (2). The 6-chloro derivative of kynurenine [3-
(4-chloroanthraninoyl)-dl-alanine] (Fig. 13) has been reported to be 80 times
sweeter than sucrose and to possess no significant aftertaste or off-flavor (2).

2. Trihalogenated Benzamides

2,4,6-Tribromobenzamidines, which are substituted at the C-3 position by a car-
boxyalkyl or a carboxyalkoxy group, are intensely sweet. For example 3-(3-car-
bamoyl-2,4,6-tribromophenyl)propionic acid (Fig. 14) was rated 4000 times
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Figure 13 Structure of 3-(4-chloroanthraniloyl)-dl-alanine.

Figure 14 Structure of 3-(3-carbamoyl-2,4,6-tribromophenyl)propionic acid.

sweeter than sucrose. The compound has a slow onset and a slightly lingering
aftertaste, as well as some bitterness (2). Within this compound class, the intensity
of sweet taste depends on the chain length of the carboxyalkyl or carboxyalkoxy
group (2). The acute toxicities of several tribromobenzamides have been deter-
mined in mice, and the results were comparable with analogous data obtained
for saccharin and aspartame (2).

IV. SWEETNESS MODIFYING SUBSTANCES

A. Sweetness Inducers and Enhancers

1. Sweet Proteins

Miraculin is a tasteless basic glycoprotein constituent of the fruits of Richardella
dulcifica (Schumach. & Thonning) Baehni [formerly Synsepalum dulcificum
(Schumach. & Thonning) DC. (Sapotaceae) (miracle fruit), which has the propen-
sity of making sour or acidic materials taste sweet (1, 2). Native miraculin occurs
as a tetramer of a large polypeptide unit, constituted by 191 amino acid residues,
with a carbohydrate content of 13.9% and an overall molecular weight of 24,600
daltons (25). The complete amino acid sequencing of miraculin monomer was
accomplished by Kurihara and coworkers (2), and the purification, biochemistry,
and biological properties of this glycoprotein have been subjected to review (25).
Miracle fruit concentrate was at one point commercially available in the United
States as an aid in dieting but was removed from the market because FDA ap-
proval as a food additive was never obtained (2).

Curculin, a sweet-tasting protein from Circuligo latifolia (Hypoxidaceae),
mentioned earlier in this chapter, also possesses sweetness-enhancing effects. The
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sweet taste of curculin disappears a few minutes after being held in the mouth,
but a sweet taste occurs on the subsequent application of water to the mouth
(24). The primary structure of curculin monomer contains 114 amino acids, of
molecular weight 12,491, with native curculin being a dimer of two monomeric
peptides connected through two disulfide bridges (24, 47). Because curculin is
stable at 50°C for a year, studies directed toward the commercialization of this
sweet-tasting/sweetness-enhancing protein are in progress (24).

2. Other Sweetness Enhancers

A number of plant constituents have sweetness-enhancing properties, including
cynarin, chlorogenic acid, and caffeic acid (2). Arabinogalactin (larch gum) is
capable of enhancing the sweetness potency and taste qualities of saccharin, cy-
clamate, and protein sweeteners such as thaumatin and monellin (1, 2). Recently,
a series of oleanane-type triterpene glycoside esters, strogins 1–5, were described
from the leaves of Staurogyne merguensis Wall. (Acanthaceae). Three of these
compounds, strogins 1, 2, and 4, elicit a sweet taste in water when held in the
mouth, in similar manner to miraculin and curculin, whereas two of the com-
pounds in this series, strogins 3 and 5, were inactive in this regard (61).

B. Sweetness Inhibitors

1. Phenylalkanoic Acids

Substituted phenoxyalkanoic acids are potent inhibitors of the sweet taste re-
sponse without disrupting the taste cell membranes, and their effects are immedi-
ately reversible (62). The sodium salt of 2-(4-methoxyphenoxy)propionic acid
(Fig. 15) is commercially available under the trade name of Cypha to modulate
excessive sweetness in formulated products (62). This compound has been found
to be a natural constituent of roasted Colombian Arabica coffee beans and has
been granted GRAS status for use in confectionery and frostings, soft candies,
and snack products, for use up to levels of 150 ppm. A 100-ppm solution of this

Figure 15 Structure of 2-(4-methoxyphenoxyl)propionic acid.
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Figure 16 Structure of N-(4-cyanophenyl)-N′-[(sodiosulfo)methyl]urea.

compound is able to reduce the sweetness of a 12% sucrose solution to the per-
ceived level of 4% sucrose. It also inhibits the sweetness of other nonsucrose
bulk and intense sweeteners, but it does not have an impact on salty, bitter, or
sour tastes (62, 63).

Interestingly, the structural modification of suosan (Fig. 10) led to the dis-
covery that N-(4-cyanophenyl)-N′-[(sodiosulfo)methyl]urea (Fig. 16) inhibits the
sweet taste of a variety of sweeteners. High-potency sweeteners with a slow onset
and lingering sweet taste were the least inhibited. This compound can also antago-
nize the bitter taste responses to caffeine and quinine, although it has no effect
on the sour (citric acid) or salty (NaCl or KCl) taste response (64).

2. Arylalkylketones

Several arylalkylketones and arylcycloakylketones have also been discovered to
inhibit the sweet taste of sucrose and other bulk and intense sweeteners. One
such compound, the commercially available 3-(4-methoxylbenzoyl)propionic
acid (Fig. 17), is capable of reducing the sweetness of 40% w/v aqueous sucrose
by over a sixfold margin when present at a 2% w/w concentration at pH 7 com-
pared with when it is absent in the formulation. This compound and its analogs
are recommended for use in soft puddings, infused vegetables, and other food
products (2).

3. Triterpene Glycoside Sweetness Inhibitors

Considerable recent progress has been made in the characterization of plant-
derived triterpene glycosides, particularly from three species, Gymnema syl-
vestre R. Br. (Asclepiadaceae), Ziziphus jujuba P. Miller (Rhamnaceae), and
Hovenia dulcis Thunb. (Rhamnaceae) (65). The parent compounds from these

Figure 17 Structure of 3-(4-methoxybenzoyl)propionic acid.
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Figure 18 Structure of gymnemic acid I. (GlcA � d-glucuronopyranosyl; tga � tiglic
acid.)

three plants are, respectively, gymnemic acid I (Fig. 18), zizyphin (Fig. 19), and
hoduloside I (Fig. 20). Nearly 20 analogs of gymnemic acid I (a group of
oleanane-type triterpene glycosides) have been reported from G. sylvestre leaves,
with most of these compounds being less potent as sweetness-inhibitory sub-
stances than gymnemic acid I itself (65). In addition, a sweetness-inhibitory
peptide of 35 amino acids, gurmarin, has been isolated from the leaves of G. syl-
vestre (24, 65, 66), and 10 additional triterpene glycoside sweetness inhibitors,

Figure 19 Structure of ziziphin. (Ara � l-arabinopyranosyl; rha � l-rhamnopyran-
osyl.)
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Figure 20 Structure of hoduloside I. (Glc � d-glucopyranosyl; rha � l-rhamno-
pyranosyl.)

alternosides I–X, have been isolated and characterized from the roots of Gym-
nema alternifolium (67). About 10 sweetness-inhibitory dammarane-type triter-
penoid sweetness inhibitors have now been isolated and purified from the
leaves of Z. jujuba, with all of these being equal to or less potent than ziziphin
itself (65). Several dammarane-type sweetness inhibitors have also been reported
in the leaves of H. dulcis, with the parent compound, hoduloside I, being one of
the most potent (65). However, ziziphin and hoduloside I are somewhat less po-
tent than gymnemic acid I as sweetness-inhibitory agents (65). Recently, a
series of novel antisweet oleanane-type triterpene glycosides, sitakisosides
I–XX, has been reported from the stems of Stephanotis lutchinensis Koidz var.
japonica (68–70).
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Erythritol

Milda E. Embuscado and Sakharam K. Patil
Cerestar USA, Inc., Hammond, Indiana

I. INTRODUCTION

Erythritol is a unique member of the polyol family. Polyols or polyhydric alcohols
are polyhydroxyl compounds derived through the hydrogenation of their parent
reducing sugars (1). These compounds do not have an aldehyde group, therefore,
they do not undergo Maillard reaction and are relatively stable to heat and
changes in pH. Erythritol is a small linear sugar alcohol with four carbon atoms
(Fig. 1). It belongs to the acyclic alcohols, a group of sugar alcohols. Its small
molecular size gives erythritol its extraordinary physicochemical, nutritional, and
physiological properties, such as lower caloric value and higher digestive toler-
ance compared with other polyols. These properties will be discussed in more
detail later in this chapter.

Erythritol is a naturally occurring substance. It is found in a variety of foods
such as grapes, pears, melons, and mushrooms and in fermented products such
as soy sauce, sake, and wines (Table 1). The concentration of erythritol in foods
and fermented products ranges from 22–1500 mg per liter or kg (2). Erythritol
is a minor component of blood and amniotic fluids of cows and other mammals
(3). It can also be found in the human body, for instance, in the lens tissue (4),
in cerebrospinal fluid (5), in seminal plasma (6), and in the blood serum (7).
Erythritol is the main polyol in the human urine with concentration ranging from
10–30 mg/l (2).
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Figure 1 Molecular structure and chemical formula of erythritol.

II. PRODUCTION

Erythritol was first isolated from algae, lichens, and grasses more than 80 years
ago (8). It was also prepared through fermentation by use of Aspergillus niger
(9) and Penicillium herquei (10). In 1943, a German patent was granted to Reppe
and Schnabel for the synthesis of erythritol from 2-butene-1,4-diol (8). Erythritol
can also be synthesized from periodate-oxidized starch (11) or dialdehyde starch
(12). Basically, there are two main methods of preparing erythritol: through
chemical synthesis (e.g., reduction of meso-tartrate or oxidation of 4,6-0-ethyli-
dene-d-glucose) and through fermentation. The chemical process is complex and
costly because it involves several intricate steps to get the final product and the
starting material is expensive. Fermentation is a simpler process requiring only
a few steps and is less expensive because the initial substrate is low in cost and
readily available.

Table 1 The Natural Occurrence of Polyols
in Various Foods

Foods Erythritol content

Wine 130–300 mg/l
Sherry wine 70 mg/l
Sake 1550 mg/l
Soy sauce 910 mg/l
Miso bean paste 1310 mg/kg
Melons 22–47 mg/kg
Pears 0–40 mg/kg
Grapes 0–12 mg/kg

Source: Reprinted with permission from Advances in
Sweeteners, Chapter 8, J Goossens and M Gonze, TH
Grenby (ed), p. 153,  1996 Aspen Publishers, Inc.
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The commercial production of erythritol uses a completely biotechnologi-
cal process using enzymes and osmophilic yeasts or fungi (2, 13–18). All other
polyols are prepared by the catalytic hydrogenation of a precursor; for example,
xylose from xylan is used to manufacture xylitol. Moniliella, Trigonopsis, or
Torulopsis are some of the microorganisms that can convert glucose to erythritol
in relatively high yields. The basic process is outlined in Fig. 2. Wheat starch
or cornstarch is the usual starting material. These are hydrolyzed primarily to
glucose and other carbohydrates in lower concentration. An inoculum of the os-
motolerant microorganism is added to the substrate, which ferments glucose to
a mixture of erythritol and minor amounts of glycerol and ribitol. One of the
yeasts used, Moniliella, can thrive at high sugar concentration and at the same
time produce erythritol. This characteristic of Moniliella is advantageous because
a concentrated substrate can be used as a starting material, and glucose can be
added continuously to the fermentation tank without adversely affecting the

Figure 2 Commercial production of erythritol.
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growth of the microorganism and its efficiency to produce erythritol. The re-
sulting concentrated fermentation broth facilitates the isolation and purification
of erythritol. The separation process is simpler and less energy-intensive. Conver-
sion yields of 40–50% have been reported using the fermentation process.
Cerestar, a company of Eridania Béghin-Say, is producing erythritol commer-
cially with an entirely biotechnological process (17).

Several methods of improving erythritol productivity have been carried out.
Strains of Trichosporonoides sp. have been isolated from honeycomb that can
give high erythritol yields and low amounts of glycerol from glucose or sucrose
substrates (19). A high erythritol-producing strain of Trichosporon sp. was also
isolated from honeycomb (20). The strain produced 141 g of erythritol per liter
of medium at 35°C after 3 days of incubation. The fermentation medium con-
sisted of 30% glucose and 4% corn steep liquor. Induced mutation has also been
used to improve the strain of Aureobasidium sp. so its conversion ratio would
increase (18). This method resulted in yields between 43–52%. Using this micro-
organism, the fermentation broth did not foam, substrate as high as 83.3% can
be used, and only small amounts of by-products were synthesized. Using this
microorganism and under certain fermentation conditions by-products were elim-
inated (18). Another study dealt with the effect of increased osmotic pressure on
the rate of erythritol production using Trigonopsis variabilis (21). The rate was
increased from 0.09–1.9 g/g-day when the osmotic pressure was increased from
1.3–3.9 Kpa. It is most likely that more research studies will be undertaken in
the future to improve erythritol production. This can be done either through the
use of bioengineering to improve the present strains of erythritol-producing os-
motolerant yeasts or fungi or through formulation of enzyme cocktails that would
be more efficient in converting glucose or other sugars to erythritol.

III. PHYSICOCHEMICAL AND FUNCTIONAL PROPERTIES

A. Sweetness

Tables 2 and 3 summarize the properties of erythritol, other polyols, and sucrose.
The sweetness of erythritol is around 65% that of sucrose. Its sweetness profile
is similar to sucrose with slight acidity and bitterness but with no detectable
aftertaste. Most polyols have sweetness levels less than sucrose. Xylitol is the
only polyol that has the closest degree of sweetness to sucrose, but its cooling
effect is more intense than erythritol. Maltitol is another polyol, which has a
higher degree of sweetness than erythritol. The rest of the polyols have levels
of sweetness less than or equal to erythritol. It must be remembered that sweetness
in itself is not the only important taste criteria but also persistence of sweetness,
presence or absence of aftertaste, and the sweetness profile (i.e., how close it is
to sucrose). For bulk sweeteners like erythritol, other nonsweet flavor attributes
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Table 2 Properties of Erythritol Compared with Other Polyols and Sucrose

Heat of
Sweetness solution Viscosity

Sugar (sucrose � 1) (kJ/kg) Cooling effect cp, 25°C Hygroscopicity

Glycerol C3 0.60 N/A 954 High
MW � 92

Erythritol C4 0.53–0.70 �180 Cool Very low Very low
MW � 122 Insoluble at 70%

Xylitol C5 0.87–1.00 �153 Very cool Very low High
MW � 152

Mannitol C6 0.50–0.52 �121 Cool Low Low
MW � 182 Insoluble at 70%

Sorbitol C6 0.60–0.70 �111 Cool Low Median
MW � 182 110 cp at 70%

solution
Maltitol C12 0.74–0.95 �79 None High Median

MW � 344
Isomalt (Palatinit) C12 0.35–0.60 �39 None High Low

MW � 344
Lactitol C12 0.35–0.40 �53 Slightly cool Very low Median

MW � 344
Sucrose C12 1.00 �18 None Low Median

MW � 342 High at 70%
solution

Source: Ref. 13 with modification.
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Table 3 Properties of Erythritol Compared with Other Polyols and Sucrose

Solubility
Melting g/100g H2O Heat stability

Sugar point (°C) Tg (°C)a (25°C) (°C) Acid stability

Glycerol 17.8 �65 ∞ Decomposes
at 290

Erythritol 126 �53.5 37–43 �160 2–12
(eutectic)

Xylitol 94 �46.5 63 �160 2–10
Mannitol 165 �40 18–22 �160 2–10
Sorbitol 97 �43.5 70–75 �160 2–10
Maltitol 150 �34.5 60–65 �160 2–10
Isomalt 145–150 �35.5 25–28 �160 2–10

(Palatinit)
Lactitol 122 55–57 �160 �3
Sucrose 190 �32 67 Decomposes Hydrolyzes at

at 160–186 acidic and
alkaline pH

Source: Ref. 13 with modification.
a From Ref. 22.

and mouthfeel are also important quality factors. These quality factors will deter-
mine whether an ingredient will be an acceptable and a successful alternative
sweetener.

The level of sweetness of erythritol can be increased through blending with
an intense sweetener like aspartame or acesulfame K. Table 4 shows the ratios

Table 4 Percent Synergy for Mixtures of Bulk and Intense Sweeteners

Bulk sweetener–intense sweetener sweetness
contribution ratioa

Blend 1–99 5–95 15–85 85–15 95–5 99–1

Erythritol–Aspartame �3 �7 10 30c 25c 24c

(% synergy)b

Erythritol–Acesulfame K 12 8 19c 32c 31c 27c

(% synergy)b

a Expected sweetness (sucrose equivalent value, SEV) � 10.
b % synergy � 100 � [{SE mixture/SE (100% erythritol � 100% intense sweetener) � 2} �1],
where SE is the panel’s sweet intensity rating. The equation is based on Ref. 23.

c Significant at P � 0.05.
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used to obtain the desired sweetness contributions from erythritol and from an
intense sweetener. It also shows the percent synergy at these ratios. For example,
to attain 1:99 sweetness ratio, a weight of erythritol that would give an equivalent
of 1% sweetness to the mixture was added to preweighed aspartame contributing
99% of the sweetness. These were dissolved in water, and the intensity of sweet-
ness was determined by a trained panel. Results show that there is a synergistic
effect when erythritol is combined with aspartame to obtain 85:15, 95:5, and
99:1 sweetness blends (Table 4). With acesulfame K, this synergy was observed
starting with a 15:85 sweetness ratio and at higher levels of erythritol. This inten-
sification of sweetness was not obtained when sucrose was used instead of erythri-
tol (24). Blending erythritol with intense sweeteners like aspartame or acesulfame
K has a lot of potential applications in beverage and food formulations.

B. Cooling Effect

All polyols exhibit negative heats of solution. Energy is needed to dissolve the
polyol crystals, thus they absorb the surrounding energy, resulting in a lowering
of the temperature or a cooling of the solution. This property is likewise observed
when the dry powder of polyol is dissolved in the mouth. This creates a cooling
sensation in the mouth. The degree of cooling primarily depends on the magni-
tude of the heat of solution. As shown in Table 2, the cooling effect ranges from
none to very cool, which can be directly related to the magnitudes of the heat
of solution. It appears that this cooling effect is only slightly detected or not
perceived at all if the heat of solution values are equal to or greater than �79 kJ/
kg. Heats of solution lower than this value give a cooling effect while values at
about �153 kJ/kg exhibit a strong cooling sensation (e.g., xylitol). As shown in
Table 2, this cooling effect is not observed for maltitol, isomalt, and sucrose and
only slightly for lactitol. Erythritol imparts a moderate cooling effect in the
mouth. This property is advantageous for food and pharmaceutical applications
when the cooling effect is desired or is an intrinsic property of the product such
as in food formulations containing peppermint or menthol. The cooling sensation
is also beneficial in pharmaceutical preparations requiring soothing effects (e.g.,
lozenges, cough drops, throat medication, breath mints).

C. Solubility and Hygroscopicity

Erythritol is moderately soluble in water unlike sucrose and other polyols (xylitol,
sorbitol, maltitol, and lactitol), which are quite soluble in water. Mannitol and
isomalt are less soluble in water than erythritol. Erythritol’s reduced affinity for
water is reflected in its sorption isotherm (Fig. 3). Figure 3 also shows the iso-
therm of sucrose for comparative purposes. The sorption isotherms were deter-
mined using an SGA-100 water sorption analyzer (VTI Corporation, FL). The
change in weight of a completely dried erythritol powder was monitored at 25°C
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Figure 3 Sorption isotherms of (A) erythritol and (B) sucrose at 25°C (Courtesy of VTI
Corporation, FL). �——�, Adsorption; ◊- -◊, desorption.

when the relative humidity was increased from 5–95% and then back to 5% in
5% steps. Erythritol went into solution above 90% relative humidity, whereas
sucrose did at a lower relative humidity (around 84%). To determine the exact
deliquescence point, erythritol was exposed to relative humidities between 88–
94% in a stepwise fashion. Results show that erythritol starts to deliquesce be-
tween 92–94% relative humidities. When erythritol was exposed to decreasing
relative humidities, the sample lost most of its moisture, especially when the
relative humidity reached 85%. The adsorption and desorption isotherm profile
of erythritol is quite different from that of sucrose (Fig. 3). As the relative humid-
ity was reduced to 75%, sucrose lost some of the moisture it absorbed at higher
relative humidity. At about 75% relative humidity, the moisture content of su-
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crose stabilized and remained the same even when the relative humidity was
reduced down to 5%. The adsorption and desorption properties of erythritol have
important implications in product formulation and storage.

The solubility of erythritol limits its applications to certain types of food
preparations. However, this property is desirable in applications where moisture
pickup of the product on storage should be held at a minimum (e.g., fruit pieces,
fruit bars, pastries). An increased rate of moisture absorption for these types of
products usually results in loss in quality (softening, stickiness) or even microbio-
logical deterioration. When erythritol is used as an ingredient or as a coating
material, the moisture pickup of the product is retarded or is held to a minimum.
Replacement of hygroscopic sugars with erythritol may also have a desirable
impact on the choice of packaging material. In place of expensive multilayered
laminates, a simple and less expensive packaging material may suffice to protect
the product. In addition, a product coated with erythritol is more stable when
directly exposed to relative humidities between 85–90% compared with products
coated with sugars. It is also worth mentioning that the presence of erythritol to
control the water activity (Aw) inhibited the growth of Staphylococcus aureus
even at high Aw levels (0.92–0.94) (25). Other solutes, such as sodium chloride,
potassium chloride, sucrose, glucose, sodium lactate, and sodium acetate, re-
quired a lower Aw to inhibit the growth of S. aureus (25).

D. Other Characteristics

The hydrogenation of mono-, di-, and oligosaccharides converts the aldehyde
group of the corresponding sugars to a primary alcohol and its ketonic function
into a secondary alcohol. This chemical change brings about improved chemical
stability, modified physicochemical and functional properties, and reduced bio-
availability or slow digestibility for polyols. Erythritol is stable at high tempera-
tures and at a wide pH range (Table 3). Like other polyols, it does not undergo
a Maillard or browning reaction because it does not have a reactive aldehyde
group. This is beneficial in food applications, where maintaining the delicate
flavor and the intrinsic qualities of the products is important. Food products with
sugars and proteins or amino acids undergo browning discoloration when exposed
to heat and oftentimes develop a bitter taste.

IV. METABOLISM

A. Caloric Value of Erythritol

The metabolic pathway of erythritol is different from glucose, sucrose, and other
polyols. Erythritol is rapidly absorbed in the small intestine through passive diffu-
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sion because of its small molecular volume. Glucose and sucrose are also readily
absorbed in the small intestine, but they are metabolized to produce energy and
carbon dioxide. Erythritol, on the other hand, is not metabolized and is rapidly
excreted unchanged in the urine. Figure 4 shows the rate of 13CO2 excretion and
the cumulative 13CO2 excretion after ingestion of 25 g of 13C-labeled glucose,
lactitol, or erythritol. There was no detectable 13CO2 excretion for erythritol,
whereas for glucose the maximum level was reached after 2–3.5 hr of oral admin-
istration (26). The rate of 13CO2 for lactitol was slower than for glucose, and it
reached its peak 6 hr after ingestion.

The H2 excretions of 13C-labeled glucose, lactitol, or erythritol are shown
in Fig. 5. The H2 excretions for erythritol and glucose were low compared with
lactitol. Lactitol produced a significant amount of H2 after 2 hr of ingestion. These
results support the findings that after an oral intake of erythritol, it is not metabo-
lized systemically or completely by the gut microflora (26). More than 90% of
ingested erythritol is excreted in the urine (27).

As shown in Figure 5, the small amount of unabsorbed erythritol may reach
the large intestine and may be fermented by the colonic microorganisms to vola-
tile fatty acids (VFA) and CH4 or H2. VFA contribute to additional energy on
absorption. The total caloric value of erythritol was calculated using the factorial
approach on the basis of its metabolic fate in the body and amounted to a maxi-
mum value of 0.2 calories/g (28, GRAS affirmation petition). Other polyols (xyli-
tol, sorbitol, and mannitol) are likewise absorbed by diffusion but at a slower
rate. Maltitol and isomalt are partially hydrolyzed and then slowly absorbed by
the body. The slow rate of absorption produces adverse effects such as high
osmotic load, which can cause abdominal pain, diarrhea, and flatulence, espe-
cially when high amounts of polyols are ingested. The unabsorbed polyols are
fermented by the gut microflora on reaching the large intestine. Lactitol is not
absorbed from the small intestine. It passes into the large intestine, where it is
completely fermented. On the basis of their metabolic pathways, the energy val-
ues of polyols were determined (Table 5). Erythritol has the lowest caloric value,
and maltitol and hydrogenated maltodextrins have the highest energy values
among the polyols. The U.S. Food and Drug Administration issued a no-objection
letter for the value of 0.2 calories/g for erythritol. For the remaining polyols, the
FDA permits energy values of 1.6 for mannitol to 3.0 calories/g for hydrogenated
starch hydrolysates, the highest caloric value for polyols.

B. Cariogenicity and Acidogenicity

Noncariogenicity and nonacidogenicity are important properties of polyols. Table
6 summarizes the dental health properties of erythritol and other polyols. The
criteria used to assess the noncariogenic property of a substance are its nonfer-
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Figure 4 (A) Rate of 13CO2 excretion (% dose/hr) after ingestion of 25 g 13CO-labeled
glucose (�), lactitol (�), or erythritol (�). (B) Cumulative amount of excretion (% admin-
istered dose) after 13CO2 ingestion of 25 g 13CO-labeled glucose (�), lactitol (�), or eryth-
ritol (�) in human volunteers. (From Ref. 26.)
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Figure 5 H2 excretion after ingestion of 25 g 13CO-labeled glucose (�), lactitol (�),
or erythritol (�) in healthy volunteers. (From Ref. 26.)

Table 5 Energy Value of Undigestible Sugars [kJ/g (kcal/g)]

Condition of testing

Undigestible sugar Fasting Postprandia

Erythritol 0–1.0 (0–0.2) —
Xylitol 8.4–10.9 (2.0–2.6) 13.8–16.3 (3.3–3.9)
Sorbitol 8.4–10.9 (2.0–2.6) 13.8–16.3 (3.3–3.9)
Mannitol 6.3–7.9 (1.5–1.9) —
Maltitol 11.7–13.4 (2.8–3.2) 14.6 (3.5)
Isomalt (Palatinit) 10.0–12.1 (2.4–2.9) —
Lactitol — 5.85–10.4 (1.4–2.5)
Hydrogenated maltodextrins 11.7–13.4 (2.8–3.2) 14.6 (3.5)

(Maltidex)

Source: Ref. 13 and GRAS affirmation petition (GRASP 7 GO422).
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Table 6 Assessment Criteria for the Dental Health Related Properties of Polyols and Results

Oral acid Insoluble Human clinical
fermentation glucan caries studies Rat caries Safe for teeth/

Polyol (pH-telemetry) formation available studies tooth-friendly

Erythritol Noa,b Nob ? Low Yesb

Xylitol No No Yes Low Yes
Sorbitol Low/no No Yes Intermediate/ Yes

low
Mannitol No No Low Yes
Isomalt No No No Low Yes
Lactitol No No No Low Yes
Maltitol No No No Low Yes
HSHc Low/yesc No Yes Low Yesc

a From Ref. 30.
b From Refs. 1 and 33.
c Depends on product composition.
Source: Reprinted with permission from Advances in Sweeteners, Chapter 4, H Schiweck and SC Ziesenitz, TH Grenby (ed), p. 76,  1996 Aspen Publishers,
Inc.
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mentability by oral microorganisms, nonacidogenic property, and the absence of
glucan formation in in vitro rat caries studies (29). Fermentation of sugars by
oral bacteria produces acid, which has an adverse effect on the tooth enamel
below a critical pH. For a substance to be classified as nonacidogenic, the critical
pH value in humans as measured by plaque pH telemetry should be equal to or
greater than 5.7. Erythritol, like other polyols, is considered tooth-friendly (Table
6). It is not used as a substrate for lactic acid production or for plaque polysaccha-
ride synthesis by oral streptococci (30). The acid production of Streptococcus
mutans, a plaque-forming bacterium, in 3% solutions of erythritol or other polyols
under controlled in vitro conditions is shown in Figure 6. Erythritol and xylitol
did not support acid production by this microorganism for more than 36 hr of
incubation. The noncariogenic property of erythritol makes it an important ingre-
dient for tooth-friendly products (29).

Figure 6 Development of the acidity by Streptococcus mutans strains growing on a 3%
solution of erythritol or another polyol under controlled in vitro conditions. Cultures with
an initial bacteria count of 3 � 109 were incubated in test tubes at 37°C in a biologi-
cal buffering system. Acidity is expressed as total H� concentration in micromoles/ml
accumulating over time period. (Reprinted with permission from Advances in Sweet-
eners, Chapter 8, J Goossens and M Gonze, TH Grenby, ed., p. 164,  1996 Aspen Pub-
lishers, Inc.)
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Table 7 Summary of Pivotal Toxicity Studies on Erythritol

Title of study Erythritol dosage Duration Findings

1. Oral toxicity (34) 0, 5, 10% 4 weeks No significant toxicological effects
Animal: Wistar rats (male and female)

2. Subchronic oral toxicity (35) 0, 5, 10, 20% 90 days No treatment-related abnormalities based on
Animal: mice, rats histopathological examination

3. Embryotoxicity and teratogenicity (36) 0, 2.5, 5, 10% Day 0 to 21 of No fetotoxic, embryotoxic, or teratogenic ef-
Animal: rats gestation fects

4. Two-generation reproduction study (37) 0, 2.5, 5, 10% Two generations No adverse effect on fertility and reproduc-
Animal: rats tive performance of parents and on the de-

velopment of their progeny
5. Teratology study (38) 1.0, 2.24, 5.0 g/kg Daily from days No effect on reproductive performance or in

Animal: rabbits intravenously 6 to 18 of fetal development
gestation

6. Chronic oral toxicity (39) 0, 2, 5, 10% 53 weeks Daily consumption of up to 3.5 g/kg body
Animal: dogs weight was well tolerated

7. Mutagenicity (40) 15.8 to 50,000 Negative in reverse mutation assays and nega-
Organism/cell line: Salmonella typhimu- µg/plate tive in chromosome aberration tests

rium
Escherichia coli
Chinese hamster fibroblast cell

8. Chronic toxicity and carcinogenicity (41) 0, 2, 5, 10% 104–107 weeks No evidence of tumor-inducing or tumor-
Animal: rats (male and female) promoting effect
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V. SAFETY AND DIGESTIVE TOLERANCE

On the basis of numerous safety studies following FDA’s Redbook guidelines,
the safety of erythritol has been established. These include in vitro tests for muta-
genicity and clastogenicity; subchronic toxicity tests in mice, rats, and dogs;
chronic toxicity/carcinogenicity studies in rats and dogs; a multigeneration study
in rats, and two teratogenicity studies in rats and rabbits (27, 31, 32). Table 7
contains a summary of recent toxicity studies, which overwhelmingly support
the safety of erythritol as a food ingredient. On the basis of the entire safety data
package on erythritol, it is concluded that erythritol is safe for its intended use
in foods (27).

The digestive tolerance of erythritol compared with other polyols is given
in Table 8. Erythritol is highly tolerated by humans and by animals because it
is such a small molecule that it is immediately absorbed by the body and excreted
within 24 hr (�80%). This rapid absorption at high concentration prevents the
accumulation of unabsorbed products in the large intestine, which may cause side
effects such as diarrhea, abdominal pain, and flatulence. Erythritol exhibits high
digestive tolerance even at high dosage levels.

Table 8 Digestive Tolerance Doses of Undigestible Sugars

Condition of testing

Undigestible Throughout Chronic
sugar Single load the day exposure Dose (g)

Erythritol —a 30–55
Xylitol —b 60–80
Sorbitol � � � 10

� � � 30–40
Maltitol � � � 20

� � � 60
Isomalt � � � 20–30
(Palatinit) � � � 50
Lactitol � � � 50

a Single oral dosage did not alter plasma or urine osmolarity or electrolyte balance. Erythritol is well
tolerated by the digestive tract (42).

b Seven-day high-dosage ingestion using a double-blind, two-way crossover study in 12 healthy male
volunteers; sucrose used as a control. Erythritol was well tolerated and without any side effects
(32).

Source: Ref. 12 with modification.
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VI. FOOD AND PHARMACEUTICAL APPLICATIONS

Erythritol is a unique low-calorie bulk sweetener with unique physicochemical
and functional properties. It is moderately sweet (about 70% as sweet as sucrose),
has a mild cooling effect, and contributes more smoothness than sucrose, sorbitol,
maltitol, xylitol, isomalt, and mannitol. It can be used in a number of formulations
because of its unique properties (2, 14–18, 43). Erythritol has a low calorie value
(maximum, 0.2 cal/g) and can significantly reduce the energy values of food
products when used to replace sugars. It does not promote tooth decay and can
be used in tooth-friendly products. It is highly tolerated without gastrointestinal
side effects under intended conditions of use. It is also suitable for diabetic food
preparations because it does not affect blood glucose or insulin levels even during
a 2-week daily administration to patients with diabetes (44). Table 9 summarizes
some potential applications of erythritol. It also includes the patents granted for
various uses of erythritol. Some of the notable applications of erythritol are in
chewing gum, candies, chocolate, lozenges, fondant, fudge, bakery products, bev-
erages, and as a sugar replacement (such as a tabletop sweetener).

Table 9 Maximum Use Levels of Erythritol that are GRAS

Maximum
use level Number of patents

Application Specific product (%) granteda

United States Others
Sugar substitute Tabletop sweetener 100 2 4
Confectionery Soft candies 40 1 4

Hard candies 50 1 2
Chewing gum 60 2 4
Low-calorie beverages Soft drinks, fruit juice 1.5 1
Chocolate Plain/milk chocolate 40 1
Fermented milk 2
Coating 2
Dehydrated food
Bakery products Fat cream in cookies, 60

cakes, pastries
Dietetic products Cookies, wafers 7

a For the period 1969–03/99.
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VII. REGULATORY STATUS

Erythritol has been approved and marketed in Japan since 1990. It is used in
candies, chocolates; soft drinks; chewing gum; yogurt; fillings and coatings in
cookies, jellies, and jams; and as a sugar substitute in Japan. In early 1997, the
Food and Drug Administration accepted the generally recognized as safe (GRAS)
affirmation and dental health claim petitions for erythritol. The GRAS status of
erythritol was based on the large body of published safety data including animal
toxicological and clinical studies. The consumption of erythritol from its natural
occurrence in foods is estimated to be 25 mg/person/day in the United States
and is 106 mg/person/day in Japan. On the basis of the extensive food safety
database and other related studies, an independent food safety expert panel con-
cluded that erythritol is GRAS under the conditions of its intended use (27, 31).
The maximum use levels of erythritol based on current good manufacturing prac-
tice are summarized in Table 9.
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Hydrogenated Starch Hydrolysates
and Maltitol Syrups

Laura Eberhardt
Calorie Control Council, Atlanta, Georgia

I. INTRODUCTION

Hydrogenated starch hydrolysates (HSH), including maltitol syrups, sorbitol syr-
ups, and hydrogenated glucose syrups, are a family of products found in a wide
variety of foods. These food ingredients serve a number of functional roles, in-
cluding use as bulk sweeteners, viscosity or bodying agents, humectants, crystalli-
zation modifiers, cryoprotectants, and rehydration aids. They also can serve as
sugar-free carriers for flavors, colors, and enzymes. HSH were developed by a
Swedish company in the 1960s and have been used by the food industry for many
years, especially in confectionery products.

The term ‘‘hydrogenated starch hydrolysate’’ can correctly be applied to
any polyol produced by the hydrogenation of the saccharide products of starch
hydrolysis. In practice, however, certain polyols such as sorbitol, mannitol, and
maltitol are referred to by their common chemical names. ‘‘Hydrogenated starch
hydrolysate’’ is more commonly used to describe the broad group of polyols that
contain substantial quantities of hydrogenated oligosaccharides and polysaccha-
rides in addition to any monomeric or dimeric polyols (sorbitol/mannitol or malti-
tol, respectively).

The broad term HSH does not differentiate polyols having, for example,
different levels of sweetness nor does it identify the principal polyol in the HSH.
Common names for major HSH subgroups have, therefore, been developed.
These common names are generally based on the most prevalent polyol compris-
ing the HSH. For example, polyols containing maltitol as the major (50% or
more) component are called maltitol syrups, maltitol solutions, or hydrogenated
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glucose syrups; those with sorbitol as the major component are called sorbitol
syrups. Polyols that do not contain a specific polyol as the major component
continue to be referred to by the general term ‘‘hydrogenated starch hydrolysate.’’

II. PRODUCTION

HSH are produced by the partial hydrolysis of corn, wheat, or potato starch and
catalytic hydrogenation of the hydrolysate at high temperature under pressure.
By varying the conditions and extent of hydrolysis, the relative occurrence of
various mono-, di-, oligo- and polymeric hydrogenated saccharides in the re-
sulting product can be obtained. The proportion of these hydrogenated species
distinctly affects the functional properties and chemistry of the particular HSH.

In the United States, HSH are produced and marketed by two major manu-
facturers: SPI Polyols, New Castle, Delaware and Roquette America, Inc.,
Gurnee, Illinois (parent company Roquette Freres, Lestrem, France). The prod-
ucts produced by these manufacturers may differ slightly in viscosity, sweetness,
and hygroscopicity, depending on their composition.

Product examples of maltitol syrups include SPI Polyols’ Maltisweet B
which is approximately 50% maltitol and Maltisweet 80 and Maltisweet 85,
and Maltisweet 3145, which are approximately 65% maltitol; and Roquette’s
Lycasin 80/55, which is 50–55 percent maltitol. Sorbitol syrups include Ro-
quette’s 70/100, and SPI Polyols’ A-625, which contain 75 and 70% sorbitol,
respectively. Examples of products called by the general term HSH include Ro-
quette’s 75/400 and SPI Polyols’ Stabilite 1 and Stabilite 2.

III. PHYSICAL CHARACTERISTICS

HSH are colorless and odorless and generally available as a 75% solids syrup
composed of variable relative amounts of hydrogenated saccharides, character-
ized by their degree of polymerization (DP). The components consist of sorbitol
(DP-1), maltitol (DP-2), and higher hydrogenated saccharides—maltotriitol (DP-
3) and others, continuing above DP-20. HSH structures, along with their precur-
sors, are shown in Fig. 1.

IV. APPLICATIONS

The physical properties of HSH make them a valuable aid in a variety of applica-
tions. Because of the similarity to corn syrup, HSH can be used as a substitute
in most applications in which corn syrup is used. Advantages over corn syrup
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Figure 1 (a) Chemical structures for monosaccharide, disaccharide, and polysaccharide polyol precursors. (b) Chemical structures
for the polyol components of hydrogenated starch hydrolysate.
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include humectancy, nonreducing characteristics, cryoprotective properties, and
resistance to heat and acid. HSH’s noncariogenicity makes them a desirable alter-
native to sugar sweeteners.

A. Confectionery Products

Multiple uses are possible in confectionery products by replacing sugar and corn
syrup with HSH. Detailed formulations for preparing caramels, gummy bears,
jelly beans, hard candy, taffy, nougats, butterscotch, marshmallows, and chewing
gum are available from HSH suppliers. HSH are outstanding humectants, which
do not crystallize. This property enables the production of sugar-free confections
with the same cooking and handling systems used to produce sugar candies and
makes HSH advantageous over other polyols. Candies made with sorbitol, for
example, require additional molding, curing, and demolding—thus requiring ad-
ditional processing costs.

Hard candies made with HSH should be packaged while warm in a
moisture-resistant container. During preparation, the boiling temperature must
reach 160°C under a vacuum to reach a moisture level less than 1% (1). Also,
flavors added to candies made with HSH must be nonaqueous. These moisture-
minimizing procedures are essential regardless of the type of HSH used. In the
case of sucrose or corn syrup candy, moisture pickup on the surface leads to
crystallization of sucrose (graining), which insulates the candy against further
moisture collection. However, because HSH do not crystallize, moisture collec-
tion at the surface causes a sticky layer of solubilized HSH that will eventually
cause the candy to partly dissolve (2). HSH cannot be used as a replacement for
sugar in chocolates or in pressed tablets, where moisture would be especially
detrimental to the product (3).

The lack of a crystal structure makes HSH hard candies subject to ‘‘cold
flow.’’ Cold flow is a loss of shape caused by elevated moisture. This may occur
even if the candy is protected from atmospheric water vapor. Products with longer
chain polyols provide additional molecular structure and are more resistant to
cold flow. However, this resistance to crystallization, even at low temperatures
and high concentrations, makes HSH particularly advantageous for use in chewy
candies. The crystallization of other components present in the formulation, such
as sorbitol, mannitol, and xylitol, is also prevented.

Another advantage of HSH is that they do not have reducing groups, thus
minimizing Maillard browning reactions. Because of this and HSH’s resistance
to heat and acid, it is possible to manufacture, at high temperatures with acidic
ingredients, sweets that remain bright and colorless.

HSH are nutritive sweeteners that provide 40 to 90% of the sweetness of
sugar. Unlike sugars, however, HSH are not readily fermented by oral bacteria
so are used to formulate sugarless products that do not promote dental caries.
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However, to make a candy noncariogenic, it is necessary to also remove other
sugar-containing ingredients in the product and replace them with a suitable alter-
native. For example, this may include replacing milk powder with caseinates and
milk fat. To manufacture a product matching the sweetness of sugar-sweetened
candies may require the addition of a potent noncariogenic sweetener such as
aspartame or acesulfame-K. HSH blend well with other sweeteners and can mask
unpleasant off-flavors such as bitter notes. Using the multiple sweetener approach
generally allows a better sweetness profile than using sweeteners alone.

B. Other Applications

HSH can be used as a replacement for sugar in a variety of frozen desserts,
because they will not form crystals. They also act as mild freezing point depres-
sants to increase freeze/thaw stability. These cryoprotective properties protect
protein fibers from damage caused by ice crystal formation and thermal shock
(e.g., freezer burn). For this reason, HSH can be used as a cryoprotectant glaze
in seafood and other products to increase shelf life in frozen storage.

Because of their excellent humectancy, HSH products are also used exten-
sively to partially replace sugar in baked goods, a broad range of other foods,
medicinal syrups (e.g., pediatric medicines, cough syrups), dentifrices, and
mouthwashes. Formulations for the preparation of these products may be ob-
tained from the HSH manufacturer.

V. GENERAL COST AND ECONOMICS

Because of the need for additional processing, polyols generally are more expen-
sive than the common carbohydrate sweeteners corn syrup and sucrose. The cost
of HSH is two to three times more than that of liquid sorbitol. Purchasing in
very large quantities generally lessens the cost.

VI. METABOLIC ASPECTS

On ingestion, HSH is enzymatically hydrolyzed to sorbitol, glucose, and maltitol.
Only 10% of maltitol may be converted into monosaccharides that are absorbed
through the intestinal mucosa (4). Maltitol is excreted mainly as gas, also in the
feces and urine (5). The digestion of the oligosaccharides and polysaccharides
is close to 90% (6), although the rate of enzymatic hydrolysis might be a function
of the component polyol’s chain length. The unabsorbed products of HSH hydro-
lyzation reach the lower digestive tract where they are metabolized by naturally
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occurring colonic bacteria. Evidence of colonic fermentation has been shown
using the hydrogen breath test (7). The absorbed glucose and sorbitol are taken
up into the bloodstream. Sorbitol is converted to fructose, which is then used
through the glycolytic pathway. A review of the metabolism of sorbitol can be
found in Chapter 18.

A. Cariogenicity

It is widely accepted that prolonged exposure of the teeth to acid produces dental
caries. Sugars and starches are fermented by oral bacteria, producing organic
acids that can solubilize tooth enamel and result in decay. Because of obvious
ethical restrictions in conducting most tests of cariogenicity in human subjects,
screening for proper conditions for cariogenic potential is conducted.

‘‘Cariogenic potential’’ was defined at the Scientific Consensus Conference
on Methods for the Assessment of the Cariogenic Potential of Foods as, ‘‘the
ability of a food to foster caries in humans under conditions conducive to caries
formation’’ (8). This group also reached an agreement on a line of testing that
could be used to establish that a food had either no cariogenic potential or low
cariogenic potential. Consensus is that ‘‘foods assessed by two recommended
plaque acidity test methodologies that result in pH profiles statistically equivalent
to those generated by sorbitol would be deemed as possessing no cariogenic po-
tential’’ (8). Demineralization of tooth enamel definitely occurs below a pH of
5.5; between 5.5 and 5.7 is a transition range, where some demineralization may
begin.

The FDA has authorized the use of the ‘‘does not promote tooth decay’’
health claim for sugar-free food products sweetened with polyols (9). The regula-
tion provides that ‘‘when fermentable carbohydrates are present in the sugar alco-
hol–containing food, the food shall not lower plaque pH below 5.7 by bacterial
fermentation either during consumption or up to 30 minutes after consumption,
as measured by the indwelling plaque test found in ‘Identification of Low Caries
Risk Dietary Components,’ T.N. Imfeld, Volume 11, Monographs in Oral Sci-
ence (1983)’’ (10).

The relative acidogenicity of test products may be predicted on the basis
of the component makeup of the compounds. Theoretically, HSH with higher
hydrogenated saccharides (molecules DP4 and larger) would be more likely to
result in the release of free glucose after hydrolysis, which is readily fermentable
by oral bacteria (11). Because HSH products differ in their saccharide profile,
studies have been conducted to examine the cariogenicity of each HSH. Although
HSH with higher concentrations of higher DP saccharides show a greater drop
in pH than those with lower DP fractions, each has been shown to remain above
the 5.7 ‘‘safe for teeth’’ value (3,11).
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The American Dental Association (ADA) has recognized the usefulness of
polyols as alternatives to sugars and as a part of a comprehensive program includ-
ing proper dental hygiene. In October 1998, the ADA’s House of Delegates ap-
proved a position statement acknowledging the ‘‘Role of Sugar-Free Foods and
Medications in Maintaining Good Oral Health’’ (12)

B. Laxation

The ingestion of HSH several times a day on an empty stomach of unadapted
subjects can result in a laxative effect. This is true of most polyols because of
their incomplete absorption and resultant increased osmotic pressure. This effect
increases with an increase in the relative amount of sorbitol in the HSH. In addi-
tion, the digestive system appears to adapt with a decrease in symptoms such as
flatulence and diarrhea after repeated daily consumption (3). Persons in the 90th
percentile for consumption of lycasin-containing products only consume 1.1–2.6
g per day (13). It is recommended that if the ingestion of 50 g or more is foresee-
able, the statement ‘‘excess consumption may have a laxative effect’’ should be
used.

C. Caloric Content

The components of HSH are slowly and incompletely absorbed, allowing a por-
tion of HSH to reach the large intestine, thereby reducing the carbohydrate avail-
able for metabolism. Therefore, unlike sugar that contributes 4 calories per gram,
the caloric contribution of HSH is not more than 3 calories per gram (14). For
a product to qualify as ‘‘reduced calorie’’ in the United States, it must have at
least a 25% reduction in calories. HSH may, therefore, be of use in formulating
reduced-calorie food products.

The lower caloric value of HSH and other polyols is recognized in other
countries. For example, the European Union has provided a Nutritional Labeling
Directive stating that all polyols, including HSH, have a caloric value of 2.4
calories per gram (15).

D. Suitability in Diabetic Diets

Control of blood glucose, lipids, and weight are the three major goals in diabetes
management today. Because of their slow and incomplete absorption, HSH have
a reduced glycemic potential relative to glucose for individuals with and without
diabetes (7). This property permits its use as a reduced-calorie alternative to
sugar. Doses of 45–90 g day are well tolerated without glycemic effect in either
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diabetic or nondiabetic subjects (16). The reduced caloric value (75%, or less,
that of sugar) of HSH is also consistent with the objective of weight control.

The American Diabetes Association acknowledges the lower caloric value
of polyols but cautions their use may not contribute to a significant reduction in
total calories or carbohydrate content of the daily diet. The calories and carbohy-
drate from HSH-sweetened products should be accounted for in the meal plan
(17). Although studies have shown a reduced glycemic response compared with
glucose, HSH and other ingredients in the food product may have the potential
to affect blood glucose levels. Recognizing that diabetes is complex and require-
ments for its management may vary between individuals, the usefulness of HSH
should be discussed between individuals and their physicians.

VII. TOXICITY

A broad range of safety studies in man and animals, including long-term feeding
(18), multigeneration reproduction/development (19), and teratology studies (20)
have shown no evidence of any adverse effects from HSH. The results of these
studies have added to the substantial body of information establishing the safety
of HSH (5).

The Joint Food and Agriculture Organization/World Health Organization
Expert Committee on Food Additives (JECFA) has reviewed the safety informa-
tion and concluded that maltitol syrups are safe (21). JECFA established an ac-
ceptable daily intake (ADI) for HSH (maltitol syrup) of ‘‘not specified,’’ meaning
no limits are placed on its use. JECFA defines ‘‘not specified’’ as: ‘‘on the basis
of available scientific data, the total daily intake of a substance arising from its
use at levels necessary to achieve the desired effect, does not, in the opinion of
the Committee, represent a hazard to health.’’ Many small countries that do not
have their own agencies to review food additive safety often adopt JECFA’s
decisions. In 1984, the Scientific Committee for Food of the European Union
evaluated maltitol syrups and also concluded it was not necessary to set an ADI
for maltitol syrups (22).

VIII. REGULATORY STATUS

In the United States, generally recognized as safe (GRAS) petitions for HSH
products have been accepted for filing by the Food and Drug Administration.
Once a GRAS affirmation petition has been accepted for filing, manufacturers
are allowed to produce and sell foods containing these sweeteners in the United
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States. Products from the HSH family are approved in many other countries,
including Canada, Japan, and Australia.
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I. INTRODUCTION

In the past two decades, the interest in sugar-free bulk sweeteners has grown in
the field of ‘‘tooth-friendly’’ and calorie-reduced confectionery, baked goods,
and pharmaceutical products. Sugar-free bulk sweeteners are sweeteners that give
body and texture to a product, as well as a sweet flavor. Ideally, they do not
cause any aftertaste and provide the same functions as sucrose and glucose. Their
physiological and nutritional metabolism in the gastrointestinal tract and their
biochemical changes in the mouth, however, differ from sucrose and glucose.

The ideal sweetener should be chemically and biologically stable for an
indefinite period of time and provide the same properties to a product as sucrose
or glucose. Its processing parameters should be similar to that of sucrose or glu-
cose, so that existing equipment can be used without requiring major changes.
In addition, the finished products should have practically the same taste and ap-
pearance as those of traditional products, have an excellent shelf-life, and be
readily accepted by the consumer.

This chapter presents the polyol isomalt as a sugar-free bulk sweetener.
Isomalt is a sweet, low-calorie, bulking agent with properties and characteristics
similar to sucrose. It is odorless, crystalline, and nonhygroscopic (1, 2). It is a
nonreducing sugar and optically active. Unlike sucrose, however, it is extremely
stable with respect to chemical and enzymatic hydrolysis. It cannot be fermented
by a large number of yeasts and other microorganisms found in nature. Isomalt
is manufactured and marketed by Palatinit GmbH, a wholly owned subsidiary

*Retired.
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of Südzucker AG (Germany). For certain applications, special types of isomalt
have been developed such as isomalt-ST, isomalt-HB, isomalt-GS, isomalt-DC,
and isomalt-LM. These different types will be discussed in this chapter in the
section ‘‘Applications and Product Development.’’ Because a lot of properties
are similar for all isomalt types, isomalt-ST (i.e., isomalt standard, the best known
type) has been selected to describe properties of isomalt in general.

II. PRODUCTION

Isomalt is the only bulk sweetener derived exclusively from sucrose. It is manu-
factured in a two-stage process in which sugar is first transformed by enzymatic
transglucosidation into isomaltulose, a reducing disaccharide (6-O-α-d-glucopyr-
anosyl-d-fructose). The isomaltulose is then hydrogenated into isomalt. Isomalt
is composed of 6-α-d-glucopyranosyl-d-sorbitol (1,6-GPS) and 1-O-α-glucopyr-
anosyl-d-mannitol dihydrate (1,1-GPM dihydrate) (3, 4). The ratio of GPS and

Figure 1 Production of isomalt from sucrose. The intermediate product is called isomal-
tulose or palatinose.
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GPM depends on the isomalt type. In aqueous systems, GPS forms anhydrous
crystals, whereas GPM has two molecules of water of crystallization. The produc-
tion process is illustrated in Fig. 1.

III. SENSORY PROPERTIES

A. Sweetness and Taste

The sweetening power of isomalt lies between 0.45 and 0.6 compared with that
of sucrose (� 1.0). Figure 2 shows that the sweetening power is a function of
concentration (i.e., it increases with increasing isomalt concentration) (5). There
is no difference between the sensorially tested and theoretically determined
curves.

Isomalt has a pure sweet taste similar to sucrose without any aftertaste.
Furthermore, it reinforces flavor transfer in foods. Synergistic effects occur when

Figure 2 Isosweet aqueous solutions of isomalt-ST and sucrose, determined sensorially
and theoretically.
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isomalt is combined with other sugar alcohols (e.g., xylitol, sorbitol, mannitol,
maltitol syrup, hydrogenated starch syrup) and with high-intensity sweeteners
(e.g., acesulfame K, aspartame, sucralose, cyclamate, or saccharin). In addition,
isomalt tends to mask the bitter metallic aftertaste of some intense sweeteners (4).

B. Cooling Effect

Several sugar alcohols, used as sugar substitutes, have a high negative heat of
solution (6–8). This results in a cooling sensation in the mouth when these sugar
alcohols are consumed in a crystalline or solid state. Although this mouth-cooling
effect is a desirable feature for peppermint or menthol products, it is considered
atypical in many other products, such as baked products and chocolate. The nega-
tive heat of solution of isomalt-ST lies between the values of GPS and GPM.
Figure 3 shows that, compared with other sugar alcohols, isomalt has a very low
negative heat of solution, which is comparable to that of sucrose. Isomalt, there-
fore, does not produce a cooling effect.

Figure 3 Negative heat of solution (kJ/kg) of sugar and sugar alcohols.



Isomalt 269

IV. PHYSICO-CHEMICAL PROPERTIES

A. Physical Properties

The sorption isotherm (see Fig. 4) shows that isomalt has a very low water activ-
ity. At 25°C isomalt absorbs virtually no water up to a relative humidity of 85%.
Furthermore, isomalt does not start absorbing water until the temperature reaches
60°C at 75% relative humidity (rh) or 80°C at 65% rh (9). This very low hygro-
scopicity means that isomalt can be stored easily and distributed without much
special care. Furthermore, this explains why products exclusively or mainly based
on isomalt (e.g., hard candies) tend to be not sticky and have a long shelf-life.

As depicted in Fig. 5, the solubility of isomalt-ST is much lower than
that of sugar at 20°C, namely 24.5 g/100 g solution compared with a value of
66.7 g/100 g solution for sugar (4, 9). Because of its low solubility, oversaturated
solutions can be obtained with a relatively low concentration of isomalt. The
solubility of isomalt increases with increasing temperature and is comparable to
sucrose at most processing temperatures (�85°C).

Figure 4 Sorption isotherm for isomalt-ST at three temperatures (25, 60, and 80°C);
ws is the amount of water absorbed by isomalt (kg water/kg isomalt).
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Figure 5 Solubility of isomalt in water compared with sucrose and fructose as a function
of temperature.

The high melting temperature range of isomalt-ST (between 145 and
150°C) demonstrates its high heat resistance (4, 9). Because its chemical structure
is not altered at normal cooking temperatures, isomalt is well suited for cooking,
baking, and extrusion processes. Another important property of isomalt is that it
can easily be ground to obtain 100-µm granules. These granules are needed to
give the right texture for chocolates and chewing gum. Finely ground isomalt
granules can be formed into larger agglomerates that can be used for instant
products and tablets.

The viscosity of aqueous isomalt solutions does not differ significantly from
that of corresponding sucrose solutions in a temperature range between 5 and
90°C (4, 9). No special engineering requirements need to be taken into consider-
ation. The viscosity of a cooked isomalt mass depends on the shear velocity and
can be higher or lower than a sucrose/corn syrup melt. For hard candy production
for example, the cooked isomalt mass shows a lower viscosity than a sucrose/
corn syrup melt at the same temperature. Isomalt is usually boiled to a higher
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temperature than sucrose/corn syrup to obtain the required water content in the
melt.

B. Chemical Properties

Isomalt is extremely resistant to chemical degradation because of its very stable
1–6 bond between the mannitol or sorbitol moiety and the glucose moiety. When
the crystalline substance is heated above the melting point or the aqueous solution
above the boiling point, no changes in the molecular structure are observed. No
caramelization or other discoloration develops during the melting, extrusion, or
baking processes. In general, isomalt does not react with other ingredients in the
formulation (e.g., with amino acids to produce Maillard reactions) (melanoids).
The stability of isomalt during acid hydrolysis was measured at 100°C in 1%
hydrochloric acid (4, 9). Figure 6 illustrates that under these conditions sucrose
is hydrolyzed in less than 5 minutes. In contrast, isomalt is only completely split
after 5 hours. In an alkaline milieu, isomalt also shows a much higher resistance

Figure 6 Hydrolysis of isomalt and sucrose versus time in a 1% HCl solution at 100°C.
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than sucrose. Furthermore, isomalt is resistant to enzymatic hydrolysis. Most mi-
croorganisms found in foods are unable to use isomalt as a substrate (4, 9, 10).

V. PHYSIOLOGICAL PROPERTIES

As mentioned in the preceding section, the remarkable feature of isomalt is the
very stable glycoside bond in GPS and GPM. Compared with sucrose, this diffi-
cult-to-split glycoside bond gives isomalt the following properties after oral in-
take (11):

• Only about 50% of isomalt is converted into available energy.
• Isomalt is noncariogenic.
• Isomalt is suitable for diabetics.

A. Caloric Value

Humans are only able to absorb and, subsequently, to metabolize monosaccha-
rides from the digestive tract by means of the wall of the small intestine. Because
of the stable glycoside bond, isomalt is hardly metabolized in the small intestine.
It is mainly fermented in the colon. This results in a lower energy conversion
(11–15).

Because of individual nutrition labeling regulations, the energy value used
for food labeling purposes can vary from country to country. For example, the
energy value for isomalt used for food labeling in Japan is 2.0 kcal/g (food) or
1.2–1.5 kcal/g (‘‘special food for patient’’); in the United States and Canada, it
is 2.0 kcal/g; in Australia it is 2.15 kcal/g; and in the European Union it is 2.4
kcal/g.

B. Cariogenicity

Tooth decay (caries) is the result of acid affecting the tooth enamel. The acids
dissolve calcium from the surface and holes occur. The acid is produced by micro-
organisms adhering to the surface of the tooth, forming plaque. Although these
micro-organisms easily ferment carbohydrates like sugar or glucose into decay-
causing acids, they cannot convert isomalt. The critical pH value in the plaque
at which the dental enamel may dissolve is 5.7 or less. Studies have shown that
consumption of isomalt and products containing only isomalt as the bulk sweet-
ener does not result in a plaque pH less than 5.7 (16–19).
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C. Diabetics

A number of scientific studies have shown that insulin and blood glucose levels
in humans increase only slightly after oral intake of isomalt—if at all (14, 15,
20). This means sharp increases in blood glucose, as occur after sucrose intake
(especially when between-meal snacks and sweets are eaten), can be avoided
with isomalt intake. Isomalt is, therefore, a suitable sugar substitute for diabetics.

D. Gastrointestinal Tolerance

Sugar alcohols and some other carbohydrates (e.g., polydextrose, dietary fiber,
lactose) have low digestibility. Consumption of large amounts may result in a
laxative effect. This is due to the slow degradation process in the gastrointestinal
tract. It is not possible to give a useful tolerance limit for sugar alcohols such
as isomalt because this tolerance depends on (21–24):

• The form in which it is ingested. In a liquid food, the intolerance is
higher than in a solid food.

• The individual sensitivity. The tolerance varies from person to person.
• The moment of consumption. Differences in tolerances even exist for

the same person. A person’s tolerance is affected by diet (low or high in
low digestible carbohydrates) and psychological well-being (emotions,
prejudices).

• The adaptation to sugar alcohols. Frequent consumption results in a
higher tolerance.

E. Toxicological Evaluations

Extensive toxicological and metabolic studies have been conducted that prove
conclusively the safety of isomalt (25–28). The results of these studies have been
summarized in a World Health Organization report prepared by the Joint FAO/
WHO Expert Committee on Food Additives (JECFA) (29). This report concludes
by assigning isomalt an ADI ‘‘not specified,’’ the safest rating assigned to any
evaluated food substance.

VI. APPLICATIONS

On the basis of its physical and chemical properties, isomalt is a suitable sugar
replacer in many areas of the food and pharmaceutical industries. Existing pro-
cessing equipment can be used for all applications without requiring major
changes. Only formula and process parameter modifications are recommended
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to optimize processes and products. The spectrum of isomalt applications is broad
and listed below:

• High-boiled candies
• Pan-coated products
• Chewing gum
• Low-boiled candies
• Compressed tablets/lozenges
• Chocolate
• Baked goods and baking mixes
• Ice cream
• Jams and preserves
• Fillings, fondant
• Marzipan, croquant, and nougat
• Cereal extrudates
• Pharmaceutical applications
• Technical applications

All these products can be made with isomalt-ST. The new isomalt types,
however, are specifically designed to improve certain characteristics in finished
products and/or to simplify production processes. The new isomalt types will be
discussed together with their main applications.

A. High-boiled Candies

High-boiled candies made with isomalt can be stamped, filled, pulled, combed,
or molded. Hard candies with a very good shelf-life will be obtained if the water
content in the finished product is less than 2%. These candies are very stable
against water absorption. Compared with candies based on sucrose/corn syrup,
only minor changes in the production process (batch or continuous) are required.
The minor changes are necessary because the following characteristics of isomalt
differ from sucrose/corn syrup (9, 30–34):

• Lower solubility
• Higher boiling point
• Lower viscosity of the melt
• Higher specific heat capacity

Recently, a new type, isomalt-HB, has been specially designed, for exam-
ple, for the manufacture of hard candies. Like isomalt-ST, isomalt-HB is an odor-
less, white, crystalline powder. The storage conditions of both isomalt types are
the same, namely at 20 � 10°C and 40–70% rh. They differ slightly in composi-
tion, for example, in content of mannitol and sorbitol.
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Figure 7 Changes in weight of hard candies with isomalt-ST and HB, with and without
acid. The candies are stored at 25°C/80% rh in closed packaging; 1 � isomalt-ST without
acid; 2 � isomalt-ST with crystalline acid; 3 � isomalt-ST with dissolved acid; 4 �
isomalt-HB with dissolved acid.

The slightly greater amounts of mannitol and sorbitol in isomalt-HB result
in a higher elasticity of the mass below 80°C. This allows a better processibility
during rope-sizing. The candies, made with isomalt-HB, have the same sensorial
profile as candies with isomalt-ST and are less brittle during sucking. The shelf-
life of isomalt-HB and isomalt-ST candies is similar. Figure 7 shows the changes
in weight of different isomalt hard candies during storage. These changes in
weight, caused by moisture absorption, are under most climatic conditions not
significantly different for isomalt-HB and isomalt-ST candies.

B. Pan-Coated Products

Panned goods consist of a center (e.g., chewing gum, nut, raisin, candy) coated
with sugar, sugar substitutes, or chocolate. The coating procedure depends on
the type of coating equipment and on the type of center. Isomalt can replace
sucrose in all sorts of pan-coating (30, 31):
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• Hard coating with isomalt suspension or solution, possibly in combina-
tion with isomalt powder

• Soft coating with isomalt in combination with another nonrecrystalliz-
ing sugar substitute

• Chocolate coating with isomalt chocolate

The low hygroscopicity of isomalt leads to products with an excellent shelf-
life. Isomalt-ST and isomalt-GS can be used for coating purposes. These two
types differ in their ratio of GPS and GPM. For isomalt-ST, this ratio is about
1 (wt%), whereas for isomalt-GS this ratio is approximately 4 (wt%). The greater
amount of GPS in isomalt-GS improves the crunchiness of a coating made with
isomalt-GS caused by differences in crystal structure between GPM and GPS.
Because the solubility of GPS is higher than the solubility of GPM, isomalt-GS
has a higher aqueous solubility than isomalt-ST. Therefore, a coating with
isomalt-GS dissolves faster, which improves the sweetness impact and the flavor
release. Figure 8 compares the dissolution kinetics of isomalt-GS, isomalt-ST,
and xylitol.

Figure 8 Dissolution kinetics of chewing gum coatings based on isomalt-ST, isomalt-
GS, and xylitol, determined by brix measurements (bx); 1 � isomalt-ST; 2 � isomalt-
GS; 3 � xylitol.
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C. Chewing Gum

Sticks, pellets, or gum balls can be manufactured with powder-fine isomalt. Its
low solubility causes isomalt to remain crystalline in the chewing gum mass,
which leads to a softer/smoother textured product. Shelf-life tests indicate that
chewing gums containing 10 to 15% isomalt remain flexible longer than other
sugar-free chewing gums (30). Furthermore, sensorial tests have shown that the
slow solubility of isomalt gives a longer lasting flavor release and sweetness.
The addition of flavored coarse isomalt crystals to the gum base is an interesting
new approach in sugar-free products to further extend the long-lasting flavor
release.

D. Low-boiled Candies

Low-boiled candies often have a crystallizing and noncrystallizing phase. Isomalt
can replace sugar in the noncrystallizing phase. The addition of gelatin and fat
gives the candy its chewable consistency. The water content of the low boiling
affects the crystallization and must be between 6 and 10%. Form, stability and
stickiness are often problems in low-boiled candies. If the stickiness of the low-
boiled candy has to be reduced, the level of the crystallizing phase has to be
increased. Isomalt’s low hygroscopicity minimizes stickiness during cooling,
forming, cutting, and wrapping. In addition, it prevents the soft-boiled mass from
sticking to the wrapper. Seeding the low boiling mass with powdered isomalt
after the boiling process also results in an increased form stability and a reduced
stickiness.

E. Compressed Tablets/Lozenges

Chewable tablets and lozenges can be made with isomalt by direct compressing
without the use of excipients. The major advantage of compressed tablets based
on isomalt is their sugar-comparable taste and slow solubility. Because of the
low hygroscopicity, isomalt tablets have a long shelf-life. The newly developed
isomalt-DC gives an even better compressibility (30, 34).

F. Chocolate

Isomalt is used in reduced-calorie and diabetic chocolate products because of its
sugarlike neutral taste, snap, melting behavior, and negligible cooling effect. The
normal formulation for a sucrose chocolate can be used for an isomalt chocolate
(milk and bittersweet). Isomalt-LM has a lower water content (�1%) than
isomalt-ST (5–7%). This allows higher temperatures during conching. Isomalt
chocolate is both sugar free and calorie reduced. Because the major source of
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energy in chocolate is fat and not sugar, a combination of isomalt and fat substi-
tutes and/or bulking agents is recommended to further lower the calorie content
of chocolate (30, 31, 35–37).

G. Baked Products

Isomalt is a useful ingredient in the formulation of ‘‘light’’ or sugar-free baked
goods (38–41). The low solubility of isomalt, its low hygroscopicity, and its
browning reaction have to be considered during formulation development. Only
minimal modifications in formulations and processing methods are required for
baked goods made with isomalt. The final baked products made with isomalt
have a sugarlike taste and a long shelf-life. Isomalt wafers and cookies absorb
a lower amount of water than sugar formulations. Therefore, they stay crispier
during storage, even if the sugar is only partly replaced. The texture of wafers
and extruded food products can be improved by adding isomalt to the mixture
(42). For texture improvement, isomalt can be added to sweet, and to salted prod-
ucts. Figure 9 illustrates that the moisture pickup in wafer sheets with only 5%

Figure 9 Moisture pickup in wafer sheets during conditioning at 30°C, 35% rh. The
standard formulation does not contain sugar, or isomalt; 1 �standard with no sucrose;
2 � 5 parts isomalt-ST; 3 � 10 parts isomalt-ST.
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isomalt is significantly reduced. A lower moisture pickup leads to an improved
shelf-life.

H. Pharmaceutical Applications

Isomalt is of particular interest for pharmaceutical applications because of its:

• Chemical stability
• Slow dissolution kinetics
• Low hygroscopicity
• Heat stability

Isomalt can be used as a neutral vehicle in a wide range of pharmaceutical
applications, for example, high-boilings, tablets, and instant drink powders. The
low solubility of isomalt is an advantage in high-boilings and tablets with active
ingredients (34). A high-boiling made with isomalt dissolves approximately one-
third slower than a sugar high-boiling, and an isomalt tablet dissolves almost
twice as slow as its sugar counterpart. Active ingredients are therefore released
more slowly and remain in the oral cavity for a longer time. The low hygroscopic-
ity of isomalt ensures that pharmaceutical products remain stable for several
years. This is especially important when hydrolysis-prone ingredients are in-
volved.

VII. REGULATORY STATUS

Isomalt is regulated in countries worldwide, including NAFTA, EU, Japan, Aus-
tralia, New Zealand, East European countries, and a number of Asian and South-
American countries. In most European countries, isomalt is approved as a food
additive. A Generally Recognized As Safe affirmation petition was accepted for
filing by the U.S. Food and Drug Administration in 1990. Since then, isomalt
has been marketed in the United States as a GRAS substance. In Japan isomalt
is accepted as a food.
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I. INTRODUCTION

Maltitol, or hydrogenated maltose, is a member of a family of bulk sweeteners
known as polyols or sugar alcohols. Early grades of maltitol were low in purity
and were only available in syrup form. In 1940 solid maltitol, an amorphous,
white substance, was developed (1). Grades of higher purity were then developed
and have been in use in Japan (2). Because these products were very hygroscopic
and difficult to prepare as a powder, maltitol was almost always handled in the
form of aqueous solution; thus, its use was extremely restricted.

Maltitols of substantially nonhygroscopic crystalline form (hereinafter
referred as maltitol), now called crystalline maltitol or crystalline mixture
solids of maltitol, were discovered, developed, and have been in use since 1981
(3).

II. PRODUCTION

As with other polyhydric alcohols (such as sorbitol, mannitol, and xylitol), malti-
tol is produced by means of the catalytic hydrogenation of a precursor, in this
case, maltose. A starch solution is liquefied to a paste of low dextrose equivalent
(DE) and then hydrolyzed enzymatically into maltose syrup, which, after purifi-
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cation and concentration, is hydrogenated by means of a nickel or other transition
metal catalyst. After additional purification steps to remove the starting materials
and catalyst, the solution is concentrated to syrup, then crystallized (3). Maltitol
may also contain trace or quite low levels of sorbitol, maltotriitol, and higher
hydrogenated oligosaccharides. Currently, there are two kinds of crystalline mal-
titol powders on the market with minimum maltitol contents of 92.5% and 98%
that are produced and marketed worldwide.

III. PHYSICAL CHARACTERISTICS

The structure of maltitol (alpha(1-4)-glucosylsorbibtol) has been confirmed by
nuclear magnetic resonance and infrared absorption studies as a crystalline poly-
hydric alcohol obtained by the catalytic hydrogenation of maltose, a disaccharide
consisting of two glucose units linked by means of an alpha(1-4) bond (Fig. 1).
Crystallographic studies have also demonstrated that the molecular structure is
a fully extended conformation with no intramolecular hydrogen bonding; all nine
hydroxyl groups are involved in intermolecular hydrogen bonds and in bifurcated,
finite chains (3).

Maltitol exhibits a negligible cooling effect in the mouth given its negative
heat of solution (�23 kJ/kg), which is close to that of sucrose (�18 kJ/kg),
and much less than that of other carbohydrates: xylitol (�153 kJ/kg), mannitol
(�121 kJ/kg), sorbitol (�111 kJ/kg), isomalt (�39 kJ/kg), and dextrose
(�104.6 kJ/kg).

Figure 1 (a) Chemical structure for maltose. (b) Chemical structure for maltitol.
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Like the other polyols, maltitol has no reducing groups and will not undergo
Maillard reactions to produce caramel-colored species in the presence of amino
acids or proteins. Maltitol has a sweetness of about 85–95% that of sucrose,
making it sweeter than all other polyols except xylitol with a taste remarkably
similar to sucrose.

Towa Chemical Industry, Co., Ltd., an affiliate of Mitsubishi Corporation,
Tokyo, Japan, produces and markets both crystalline maltitol and crystalline mix-
ture solids of maltitol under various brand names, including Amalty MR and
Lesys. Towa received a license for the patent of the process from Hayashibara
Biochemical Laboratories, Okayama, Japan, which pioneered the process. To-
wa’s license is by geographical region and includes Japan, the United States, and
several other countries in Asia, Oceania, and America. Hayashibara also licenses
the patent to Cerestar and Roquette Freres who both market the product in Europe
under the brand Malbit and Maltisorb. Roquette America, Inc., an affiliate of
Roquette Freres, also received a license in America and markets the product in
the United States.

The specifications in Table 1 show the varying chemical compositions of
several commercialized brands of maltitol supplied by Towa Chemical Industry
and Roquette Freres (Lestrem, France). Although both Towa (3) and Roquette
have the technology for producing high-purity crystalline maltitol, this type of
product may not necessarily be available in all countries. Patent constraints often
allow only one supplier in a given country.

For most applications, crystalline maltitol and crystalline mixture solids of
maltitol (i.e., min. 98% and min 92.5%) can be used interchangeably; exceptions
include pan coating in which slight differences in crystallinity might be evident.
Because sorbitol and other less sweet hydrogenated components are found in the
lower maltitol product, one may expect that the high maltitol product would be

Table 1 Specifications and Analysis for Commercially Available Crystalline
Maltitol Products

Roquette Maltisorb Towa Lesys Towa Amalty MR

Maltitol (min, %) 98.0 98.0 92.5
Sorbitol (max, %) — — 1.5
Maltotriitol (max, %) — — 3.0
Hydrogenated oligosac- — — 2.5

charides (max %)
Reducing sugars (max %, 0.01 0.01 0.5

as dextrose)
Melting point (°C) 149.4 149.3 140.3
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sweeter. However, there is little difference in sweetness when comparing actual
food products.

IV. APPLICATIONS

Maltitol has many attributes and properties that allow it to be used in a wide
variety of food applications:

White crystalline powder
Sweetness profile similar to sugar
Reduced calorie, bulk sweetener
Noncariogenic
Non-insulin-dependent and can be used in diabetic diet
Substantially nonhygroscopic
Thermostable
Fat replacer

A. Confectionery Products

Considerable formulation and processing information is available for producing
maltitol-based confections and chewing gums (4–6). Confectionery products in-
clude chocolates, hard-boiled candy, and caramels.

Before the development of maltitol, the production of ‘‘sugar-free’’ or ‘‘no
sugar added’’ chocolate proved difficult because of the lack of a polyol with the
physical, chemical, and organoleptic properties of sucrose. Maltitol’s anhydrous
crystalline form, low hygroscopicity, high melting point, and stability allow it
to replace sucrose in high-quality chocolate coatings, confectionery, and bakery
chocolate.

Maltitol may also be used to partially or totally replace the fat component
in foods, because it gives a creamy mouth-feel to products such as brownies,
cakes, and cookies (7). High-quality sugarless chocolates can be made by simply
substituting maltitol for sucrose. Chocolate made with maltitol does not have the
mouth-cooling property associated with sorbitol-based chocolate, and because
the sweetness is greater than chocolate made with sorbitol, the addition of a potent
sweetener is not required. Maltitol-based hard-boiled candies can be manufac-
tured with conventional ‘‘roping and forming’’ equipment, unlike sorbitol boiled
candy, which generally must be seeded with crystalline sorbitol, deposited into
plastic or metal molds, and allowed to cure (8). Resultant candy must be securely
packaged in a moistureproof wrapper to minimize crystallization. Of note, there
may be slight differences in stability with respect to ‘‘cold flow’’ (a distortion
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of shape over time), hygroscopicity, and crystallization, depending on the purity
of the maltitol used. Use of a higher purity maltitol would result in a boiled candy
having lower hygroscopicity, for example.

B. Other Food Applications

Dietetic foods for those on sugar-restricted diets or fat-reduced diets can also be
formulated with maltitol (4,6,7). Examples may include granola bars, jams with
no added sugar, ice cream analogue, pie fillings, salad dressings, spreads, cookies
and cakes. In most cases, the use of potent sweeteners is not required, because
maltitol is nearly as sweet as sucrose when used at approximately a one-for-one
replacement. In cases in which sugarless products are to be formulated with lower
caloric density, maltitol will work well with other potent sweeteners and will
have a sweetness profile very similar to that of sucrose. For example, a tabletop
sweetener can be formulated with maltitol and aspartame.

V. GENERAL COST AND ECONOMICS

Polyols, as a general rule, are more expensive than the common carbohydrate
sweeteners, sucrose and corn syrup, because of the additional processing they
must undergo. Although maltitol is more expensive than crystalline sorbitol (mal-
titol is about twice the cost of crystalline sorbitol), maltitol’s outstanding taste,
sweetness, and functionality make it worth the added cost in many applications.

VI. METABOLIC ASPECTS

A. General Metabolism

Mammalian metabolism of maltitol generally begins with the hydrolysis of malti-
tol into the monosaccharides glucose and sorbitol. Although this hydrolysis may
not be complete at high maltitol intakes, primarily glucose and sorbitol will be
transported into the bloodstream. Sorbitol is converted to fructose, which then
is used by way of the glycolytic pathway. Detailed reviews of the metabolism
of sorbitol have appeared (5,9). (See Chapter 18.)

B. Cariogenicity

It is well known that dental caries are caused by the prolonged exposure of tooth
enamel to acid. Dextran, the principal component of plaque, is produced by mi-



288 Kato and Moskowitz

croorganisms such as S. mutans and is responsible for adherence of the organisms
to the tooth. Metabolism of sugars and starches by these microorganisms in the
mouth leads to the formation of acids that if in sufficient quantity, will erode
tooth enamel during prolonged contact. Oral bacteria do not metabolize polyols
such as sorbitol, mannitol, maltitol, and xylitol; therefore no acid production oc-
curs (10).

Laboratory assessment of cariogenic or acidogenic potential had been
somewhat problematic. Quick preliminary screening of various materials for
cariogenic potential had been accomplished with various bioassays, using micro-
organisms (11) or laboratory animals (12). A rigorous test, now well accepted,
is plaque pH telemetry in human subjects (13–15). Telemetry refers to the con-
tinuous electronic data-gathering process used in these experiments. In these
tests, an indwelling pH electrode is secured in a denture appliance and implanted
onto a tooth, replacing an existing appliance. Several days after sufficient plaque
has built up on the appliance, the test subject is given a food and the pH
is monitored as a function of time. If acid formation does not reach below pH
5.7 in 30 minutes, the food may be certified as safe for teeth (‘‘zahnschonend’’
by the Swiss authorities). Demineralization of tooth enamel definitely occurs be-
low pH 5.5; between 5.5 and 5.7 is a transition range where some demineraliza-
tion may begin. The advantage of this in vivo experimental approach over other
in vitro assay methods is that it takes into account salivary flow, the buffering
capacity of saliva, and the removal of dissolved sugars from the mouth by swal-
lowing.

More recently, however, another simplified in vitro test has been developed
that claims results comparable to that of the pH telemetry method (16). For a
comprehensive discussion of cariogenicity in foods, the reader is referred to a
special issue of the Journal of Dental Research, December 1986 (pp. 1473–
1543), that is based on the Scientific Consensus Conference on Methods for As-
sessment of the Cariogenic Potential of Foods that was held at the University of
Texas Dental School, San Antonio, November 17–21, 1985. Among the many

Table 2 Plaque pH Minima After
Rinsing with Test Solutions

Product pH minimum

Crystalline maltitol 6.4 � 0.4
Sorbitol 6.5 � 0.4
Sucrose 5.5 � 0.5

Source: Adapted from Ref. 21.
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results of this conference was the promulgation of a set of criteria for assessment
of cariogenic potential of sugarless foods.

There are extensive cariogenicity studies for maltitol. Several studies have
shown that maltitol is noncariogenic (17–20), the plaque pH curve not dropping
below pH 5.7 (17).

The U.S. Food and Drug Administration has authorized a ‘‘does not pro-
mote tooth decay’’ health claim for sugar-free foods sweetened with polyols,
including maltitol. The regulation provides that ‘‘when fermentable carbohy-
drates are present in the sugar alcohol containing food, the food shall not lower
plaque pH below 5.7 by bacterial fermentation either during consumption or up
to 30 minutes after consumption, as measured by the indwelling plaque test found
in ‘Identification of Low Caries Risk Dietary Components,’ T.N. Imfeld, Volume
11, Monographs in Oral Science (1983).’’ (22)

C. Laxation

As is the case for many polyols, particularly sorbitol and mannitol, excessive
consumption of maltitol may have a laxative effect. The reason for this may be
viewed as a direct consequence of the noncariogenicity of these materials. If
these polyols are not readily fermented by oral microorganisms, it is because the
microbes do not possess adequate quantities of the necessary enzymes, or their
existing enzymes are not active on polyol substrates. Understandably, digestion
by human enzyme systems will be similarly impaired.

Hydrolysis of maltitol to glucose and sorbitol is significantly slower than
is the hydrolysis of maltose (10). Therefore, the intestinal brush border maltase
enzymes may not have adequate time to complete hydrolysis before passage of
the intestinal contents into the large intestine, where the delicate water balance is
thereby upset. Sorbitol is absorbed slowly by means of passive diffusion, whereas
glucose is readily absorbed by active transport. Not only do carbohydrates carry
osmotically bound water into the large intestine, but also microbiological fermen-
tation of these polyols will create still a large number of osmotically active com-
ponents, as well as flatus. Excessive water absorption into the large intestine
causes laxation.

Maltitol is less laxating compared with sorbitol; the maximum noneffective
dose of maltitol (the dosage where no laxation or other discomfort occurs) is
about twice that of sorbitol. This is consistent with the facts that disaccharides
are less osmotically active and also that half the maltitol molecule is glucose,
which, after hydrolysis, is readily absorbed (23–25). The U.S. Food and Drug
Administration requires a food to be labeled with the warning ‘‘Excess consump-
tion may have a laxative effect’’ if foreseeable daily consumption may result in
ingestion of greater than 50 of sorbitol (21 CFR 184.1835 (e)). Towa Chemical
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Industries therefore asserts (22) that a warning statement may apply to maltitol
only when greater than 100 g/day is likely to be ingested.

A study by Koizumi (24) concluded that the maximum noneffective laxa-
tive dose for both men and women was 0.3 g maltitol/kg body weight, and that
the 50% single laxative dose (i.e., producing laxation in 50% of the subjects)
was 0.8 g/kg body weight. Data cited by Towa (23) show that the estimated daily
intake of maltitol is only about half the 50% single laxative dose, supporting their
contention that significant laxation problems will not occur in most individuals.

D. Suitability in Diabetic Diets

Because maltitol is hydrolyzed and absorbed slowly compared with sucrose or
glucose in humans, it would appear that maltitol might be useful in diabetic diets.
The goal in dietary management for persons with diabetes is to minimize fluctua-
tions in blood glucose by not overloading the insulin requirements at any one
time. Indeed, many studies (24,26–30) have shown that ingestion of maltitol does
not produce marked elevations in blood glucose levels in both diabetic and
healthy individuals. It appears that any sorbitol produced from the hydrolysis of
maltitol is absorbed very slowly and, to a certain extent, inhibits absorption of
the glucose also released (31). Thorough reviews of the literature are available
(23,31). Diabetic patients should consult their physician to determine suitability
for their particular circumstances.

E. Caloric Content of Maltitol

In 1990, the European Economic Community Council reviewed the net energy
(NE) value of polyols, including maltitol, and adopted a single interim value for
all polyols of 10 kJ/g (2.4 kcal/g) (32,33).

In 1991 the Japanese Ministry of Health and Welfare (JMHW) evaluated
the NE value of low-digestible saccharides, including polyols, adopting 1.8 kcal/g
for maltitol (34). After reviewing data in 1996, the JMHW adopted the NE value
of 2 kcal/g for maltitol and most of other polyols except erythritol (0 kcal/g),
xylitol, sorbitol, and some hydrogenated oligosaccharides (3 kcal/g).

The FDA nutrition labeling regulations set the energy value for all carbohy-
drates, including maltitol, at 17 kJ/g (4 kcal/g) (21 CFR 101.9). The Code of
Federal Regulations provides for exceptions to this energy value when a request
is supported by sufficient data to justify an alternative value.

Thus, the net energy value of maltitol and other polyols was of great con-
cern to producers and manufacturers of foods worldwide, including those in the
United States (35). Consequently, the members of the Calorie Control Council’s
Polyol Committee sponsored a study by the Life Sciences Research Office
(LSRO) that would provide an objective assessment of the scientific information
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available on certain polyols, including maltitol. A report on the energy available
from these polyols was prepared in 1994. The LSRO report (36), prepared in
consultation with an expert panel, determined that the appropriate energy to be
evaluated was net energy. The panel reviewed both published and unpublished
studies relating to the energy determination of these polyols. They evaluated the
methods used to determine energy values and set forth a set of basic premises
with which net energy values could be evaluated. Last, they determined the best
estimates of the metabolizable and net energy values for these polyols (36). Esti-
mated net energy value for maltitol in the report was 2.8–3.2 kcal/g (11.7–13.4
kJ/g). But it is also stated in the report that in view of the more recent data of
Tsuji et al (36), the NE available for maltitol might be lower than 2.8–3.2 kcal/g.
LSRO also concluded that additional studies were needed to confirm the lower
range of values.

In 1999, LSRO evaluated again the NE value for maltitol. Summarizing
all the available ADME (absorption/distribution/metabolism/excretion) data:
10% of the energy available from maltitol is used at 4 kcal/g during the first 2
hours after ingestion; 85% of the energy available is used by bacterial fermenta-
tion in the large intestine at 2 kcal/g; and 5% of the energy available is excreted
in the feces.

On the basis of the ADME data, one may estimate the factors in Equation
(1) as A, 0.1; B, 1; C, 0.05; and Re, 1.

Ew � [(A � B) � (1 � (A � C)) � 0.5] � 16.5 � Re kJ/g (1)

Using these terms, Equation (1) leads to an estimate of the net energy value for
maltitol of 8.8 kJ/g (2.1 kcal/g). Previous estimates of the NE value have ranged
from 6.7 to 16.4 kJ/g. The current estimate for the NE value of maltitol is based
on the most recent evidence of the ADME of maltitol in humans. The value of
8.8 kJ/g is in good agreement with the values estimated by Oku (37), Tsuji et
al. (37), and the mid-range of Felber et al. (38) and the Japanese Ministry of
Health and Welfare (34).

The FDA issued a no objection letter on May 28, 1999, in response to a
letter proposing a self-determined energy value for maltitol of 2.1 kcal/g for the
purpose of nutrition labeling.

VII. CARCINOGENICITY AND OTHER TOXICITY

Numerous studies examining the acute, subacute, chronic, and subchronic toxici-
ties, and carcinogenic, mutagenic, and teratogenic activities of maltitol have
shown no evidence of any adverse effects (23,31). In fact, a recent study has
indicated that dietary maltitol decreases the incidence of cecum and proximal
tumors in rats induced by a hydrazine derivative (40).
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The Joint FAO/WHO Expert Committee on Food Additives (JECFA) first
reviewed maltitol in conjunction with hydrogenated starch hydrolysate in 1980,
when it concluded that the allocation of an ‘‘acceptable daily intake (ADI) need
not be specified’’ (39). A second review in 1983 resulted in the allocation of a
temporary ADI of 0–25 mg/kg body weight for hydrogenated glucose syrups
containing 50–90% maltitol, mainly because the panel did not have, but re-
quested, the results of chronic feeding studies (41).

In 1985, after the acquisition of lifetime feeding studies, JECFA re-
evaluated the toxicity of maltitol and HSH and reverted to an ADI of ‘‘not speci-
fied’’ (31). As defined by JECFA, ADI ‘‘not specified’’ means that, ‘‘on the basis
of available scientific data, the total daily intake of a substance arising from its
use at levels necessary to achieve the desired effect, does not, in the opinion of
the Committee, represent a hazard to health.’’ Therefore, establishment of an
ADI in numerical terms was not necessary.

Another group of scientists, the Scientific Committee for Food of the Euro-
pean Economic Community (EEC), in its December 1984 report on sweeteners,
found maltitol to be ‘‘acceptable.’’ The committee found it inappropriate to estab-
lish an ADI for maltitol and other polyols (42).

VIII. REGULATORY STATUS

A. United States

Towa Chemical Industry Co., Ltd., filed a petition with the FDA on August 26,
1986, to affirm the generally recognized as safe (GRAS) status of maltitol (23).
The petition was accepted for filing on September 23, 1986, and was announced
in the Federal Register on December 23, 1986.

While the FDA is conducting their assessment of the petition, maltitol may
be used in the United States, although potential customers should make their own
assessment of the risk; that is, if the FDA rules adversely, products containing
maltitol may need to be recalled from the marketplace. In this case, the risk
is minimal, because maltitol is a principal component in hydrogenated starch
hydrolysate (hydrogenated glucose syrup), which has been used in the United
States since around 1977, and also the subject of a longstanding, prior FDA
GRAS petition.

The Towa petition asks for use of maltitol in a variety of applications,
including as a flavoring agent, formulation aid, humectant, nutritive sweetener,
processing aid, sequestrant, stabilizer and thickener, surface-finishing agent, and
texturizer. The ingredient shall be used in food at levels not to exceed current
good manufacturing practices: a maximum level of 99.5% in hard candy and
cough drops, 99% in sugar substitutes, 85% in soft candy, 75% in chewing gum,
55% in nonstandardized jams and jellies, and 30% in cookies and sponge cake.
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Table 3 Worldwide Status of Maltitol

Country Status

France Approved
Switzerland Approved
The Netherlands Approved
Belgium Approved
Denmark Approved
Finland Approved
Norway Approved
Mexico Approved
UK Approved
Japan Approved
Sweden Approved
Germany Approved
Austria Approved
Spain Approved
Australia Approved
Canada Approved

B. Worldwide

Table 3 shows the status of maltitol in a number of countries. Where approval
is shown, it signifies approval in at least one category of food even if restrictions
such as preregistration may apply.
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Lactitol: A New Reduced-Calorie
Sweetener
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PURAC biochem bv., Gorinchem, The Netherlands

I. HISTORY

Lactitol (LACTY) is a bulk sweetener. It is a sweet-tasting sugar alcohol derived
from lactose (milk sugar) by reduction of the glucose part of this disaccharide.
It has not been found in nature and was described in the literature for the first
time by Senderens (1) in 1920. The first useful preparation was made by Karrer
and Büchi in 1937 (2). Lactitol is also called lactit, lactositol, and lactobiosit. The
CAS registry number is 585-86-4. The molecular weight of lactitol monohydrate
(C12H24O11.H2O) is 362.34. The chemical structure of lactitol, 4-0-(β-d-galacto-
pyranosyl)-d-glucitol, is shown in Fig. 1.

II. PREPARATION

The principles of the preparation of lactitol are general knowledge. The industrial
process is a hydrogenation of a 30–40% lactose solution at about 100°C with a
Raney nickel catalyst (3). The reaction is carried out in an autoclave under a
hydrogen pressure of 40 bar or more. On sedimentation of the catalyst, the hydro-
genated solution is filtered and purified by means of ion-exchange resins and
activated carbon. The purified lactitol solution is then concentrated and crystal-
lized. The monohydrate, as well as the anhydrate and the dihydrate, can be pre-
pared depending on the conditions of crystallization (4).

Hydrogenation under more severe conditions (130°C, 90 bar) results in
partial epimerization to lactulose and partial hydrolization to galactose and glu-
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Figure 1 The chemical structure of lactitol.

cose and hydrogenation to the corresponding sugar alcohols lactitol, lactulitol,
sorbitol, and galactitol (dulcitol) (5).

III. TOXICOLOGY

All the required studies for a food additive have been carried out (CIVO-TNO,
The Netherlands). There are no deleterious effects of feeding lactitol at levels
up to 10% of the diet. The Joint FAO/WHO Expert Committee of Food Additives
(JECFA) approved lactitol in April 1983. The Committee allocated an acceptable
daily intake (ADI) ‘‘not specified’’ to lactitol (6).

The Scientific Committee on Food of the EC (SCF-EC) evaluated lactitol
and considered it to be a safe product; they stated that ‘‘consumption of the order
of 20 g per person per day of polyols is unlikely to cause undesirable laxative
symptoms’’ (7). The same was stated for isomalt, maltitol, mannitol, sorbitol,
and xylitol.

Safety studies in experimental animals included long-term feeding studies
at high dietary levels for 21/2 years in rats and for 2 years in mice. The safety
data are not summarized here. Full data are described in CIVO-TNO (Zeist, The
Netherlands) reports, which are published in the Journal of the American College
of Toxicology (7a). These reports have been evaluated by JECFA, SCF-EC, and
the U.S. Food and Drug Administration.

IV. USE AND PURPOSE OF LACTITOL BASED
ON BIOLOGICAL PROPERTIES

Lactitol is a sweet-tasting sugar alcohol with interesting nutritional, physiologi-
cal, and pharmaceutical properties. Lactitol is neither hydrolyzed nor absorbed
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in the small intestine. It is metabolized by bacteria in the large intestine, where
it is converted into biomass, short chain fatty acids, lactic acid, CO2, and a small
amount of H2. Beneficial bacteria in the large intestine, such as Bifidobacteria
and Lactobacillus spp., use lactitol as a substrate.

Lactitol consumption does not induce an increase of blood glucose or insu-
lin levels, making it a desirable sugar substitute for diabetic patients. Furthermore,
it has been demonstrated that its nutritional caloric use is half that of carbohy-
drates, with a metabolic energy value maximum of 2 kcal/g or maximum 8.4
kJ/g.

Lactitol is very slowly converted to organic acids (lactic acid) by tooth
plaque bacteria, so that lactitol does not cause dental caries and satisfies the Swiss
regulations as safe for teeth and U.S. health claim regulations for ‘‘does not
promote tooth decay.’’ These properties suggest important dietary applications
e.g., products for people with diabetes, noncariogenic confections, low-calorie
foods, and products with a prebiotic effect.

A. Caloric Value

1. Biochemical Aspects

Karrer and Büchi (2) have studied the action of galactosidase-containing enzyme
preparations on the splitting of lactitol into galactose and sorbitol. They found
that lactitol is only hydrolyzed very slowly by these enzyme preparations. Later
studies reported in a German patent (8) have confirmed that lactitol is only slowly
split by enzymes at about a tenth the speed at which lactose is split. On the basis
of both these in vitro studies, a reduced calorie value can be expected.

In patents of Hayashibara (9, 10), it is claimed that lactitol has no caloric
value because it is not digested or absorbed. The intestines of test rabbits not fed
for 24 h beforehand were closed at both ends and were injected with a 20%
aqueous solution of lactitol or with an equimolar amount of a sucrose solution.
After a lapse of several hours, the lactitol or sucrose left in the intestines was
determined. Although 85% of the sucrose intake had been lost because of absorp-
tion and digestion, all the lactitol was still present.

2. Metabolic Energy

At the Agricultural University of Wageningen in The Netherlands, a study was
carried out (11) determining the energy balance of eight volunteers on diets sup-
plemented with either lactitol or sucrose. In this study, volunteers were kept for
4 days in a respiratory room; this was done twice: once with 49 g of sugar a day
in a diet; the other time, this sugar was replaced by lactitol. The dosage of 50 g
lactitol monohydrate was ingested in four to six portions during the day. Intakes
of metabolizable energy (ME) were corrected, within subjects, to energy equilib-
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rium and equal metabolic body weight. Further correction of ME intake was made
toward equal actometer activity. With regard to the value of ME to supply energy
for maintaining the body in energy equilibrium, the energy contribution to the
body of lactitol monohydrate was 60% less than for sucrose.

Because the lactitol monohydrate contains 5% water and the results had
an inaccuracy of standard error (SE) 10%, the final conclusion is justified that
the metabolic energy of lactitol, on the basis of the dry substance, is at most 50%
sucrose. Rounding off upward, a caloric value of lactitol in man at 2 kcal/g seems
fully justified.

B. Prebiotic Effects of Lactitol

Lactitol reaches the colon untouched, where it is used as an energy source by
the intestinal microflora. The fermentation of lactitol favors the growth of saccha-
rolytic bacteria and decreases the amount of proteolytic bacteria that are responsi-
ble for the production of ammonia, carcinogenic compounds, and endotoxins.
This can positively influence the health of humans and animals.

In vitro studies show that lactitol stimulates the growth of Lactobacillus
spp. and Bifidobacteria. The growth of proteolytic bacteria such as Enterobac-
teria and Enterococci is inhibited (see Table 1). Inhibition of these micro-
organisms is caused by the production of short-chain fatty acids, which reduce
the pH, and inhibition of the adhesion of these bacteria to the epithelial cell walls
(12–14).

In vivo lactitol is tested both in humans and animals. Stool samples and
cecal material was retrieved from the tested subjects to determine the presence
of micro-organisms, short-chain fatty acid compounds, fecal pH, moisture, and
activity of certain enzymes (15–17). These studies confirmed the results of the
in vitro tests. This prebiotic effect can be used to develop new products.

C. Lactitol and Diabetes

Because lactitol does not have any significant effect on blood glucose or insulin
levels, it is suitable for insulin-dependent diabetic patients (type 1). It can also
be consumed by noninsulin-dependent diabetic patients (type II). This group can
limit its diabetic status by taking dietetic measures. Lactitol fits in their diets
because of its reduced calorie value compared with sucrose and sorbitol and its
similar metabolism to dietary fiber.

D. Tooth-Protective Properties

Sugars are a major factor in the pathogenesis of dental caries. Oral bacteria con-
vert sugars into polysaccharides that are deposited on the teeth; these plaque
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Table 1 Fermentability of Lactitol, and Glucose by Intestinal Microorganismsa

Lactitol Glucose Sugar-free
control

No. No.
Species positiveb pHc Gas positiveb pHc Gas pHc

Obligate anaerobic microorganisms
Bacteriodes thetaiomicron 7/8 5.6 � 0.5 0 8 5.3 � 0.7 0 6.6
Bacteriodes fragilis 5/8 5.6 � 0.4 0 8 5.1 � 0.4 0 6.4 � 0.4
Bacteriodes distasonis 8/8 6.1 � 0.6 0 8 5.4 � 0.6 0 6.6 � 0.3
Bifidobacterium bifidum 1/1 5.5 0 1 4.0 0 6.5
Clostridium perfringens 6/8 5.7 � 0.6 ��� 8 5.1 � 0.4 ��� 6.8 � 0.4
Lactobacillus acidophilus 7/9 4.7 � 0.6 0 9 5.0 � 0.9 0 6.4 � 0.5
Lactobacillus species 2/2 5.3 � 1.7 0 2 5.0 � 1.4 0 6.8 � 0.4
Streptococcus mutans 5/7 5.3 � 0.4 0 7 4.0 0 6.6 � 0.5
Clostridium glycolcium 0/1 — 0 1 5.0 ��� 6.5
Propionibacterium species 1/2 6.5 0 1 5.5 � 0.7 0 7.0
Lactobacillus fermentum 0/1 — 0 1 6.0 0 6.5
Facultative anaerobic and obligate

anaerobic microorganisms
Enterobacter 2/7 7.0 � 7/7 6.8 � 0.4 ��� 7.8 � 0.4
Klebsiella 14/15 5.6 � 0.4 � 15/15 5.4 � 0.4 �� 6.3 � 0.3
E. coli 0/2 — 0 2/2 4.7 � 0.4 �� 7.5
Proteus mirabilis 0/1 — 0 1/1 4.5 � 7.5
Proteus morgani 0/2 — 0 2/2 4.5 �� 7.7 � 0.4
Proteus vulgaris 0/2 — 0 2/2 5.0 � 7.5
Serratia 0/2 — 0 2/2 6.2 � 0.4 �� 7.7 � 0.4
Citrobacter 0/2 — 0 2/2 5.0 � 0.7 � 7.7 � 0.4
Hafnia 0/2 — 0 2/2 4.5 0 7.0
Pseudomonas aereeginosa 0/2 — 0 0/2 — 0 8.5
Candida albicans 0/2 — 0 2/2 6.2 � 0.4 0 7.7 � 0.4
Enterococci 8/9 5.7 � 0.4 0 9/9 4.1 � 0.2 0 7.0 � 0.2
Staphylococcus epidermidis 5/10 5.5 � 0.4 0 10/10 4.8 � 0.3 0 7.8 � 0.4
Staphylococcus aureus 4/8 6.3 � 0.3 0 8/8 4.9 � 0.5 0 6.5 � 0.4

a All experiments done at least in triplicates.
b Number of positive strains per number of examined strains.
c pH is the mean on day 2.
Source: Ref. 12.
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sugars are then fermented into acids. The acid demineralizes the enamel and
causes cavities.

E. Dental Studies

Three main types of experiments are used to evaluate the cariogenicity of foods
and food ingredients:

Studies in vitro
Experiments in laboratory animals
Clinical trials and investigations in human subjects

F. Studies In Vitro

Among the earliest reports are those of Havenaar (18, 19) on the use of lactitol
by oral bacteria, with formation of acids. A number of plaque bacteria were found
that could metabolize lactitol as a substrate, including Streptococcus mutans,
which is known to possess cariogenic activity, and certain strains of S. sanguis,
Bifidobacterium, and Lactobacillus. These first experiments did not establish the
speed of fermentation, which because of the limited time that sugars and sweeten-
ers remain in the mouth is a determinant of their cariogenicity. It was later shown
that pH drop was slow, leading to the conclusion that lactitol could be fermented
slowly by these microorganisms.

In addition to acid production, another important property of cariogenic
bacteria is the capacity to synthesize extracellular polysaccharide from carbohy-
drate substrates, making dental plaque. No evidence for extracellular polysaccha-
ride synthesis was found.

A more recent study on lactitol in vitro comparing five other bulk sweeten-
ers, on incubation with mixed cultures of human dental plaque microorganisms,
measuring acid development, insoluble polysaccharide synthesis, and the attack
of the acid on enamel mineral, was done by Grenby and Phillips (20). The six
different sweeteners fell into three groups, with the highest acid generation, poly-
saccharide production, and enamel demineralization from glucose and sucrose,
less from sorbitol and mannitol, and least of all from lactitol and xylitol.

G. Experiments in Laboratory Animals

The cariogenicity of lactitol was also tested in rats (21). For this purpose, lactitol
was incorporated in a powdered diet, consisting of 50% of a basal diet (SPP,
Trouw & Co, Putten, The Netherlands), 25% wheat flour, and 25% of test sub-
stance. Lactitol was compared with sorbitol, xylitol, sucrose, and a control con-
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Table 2 Average of Carious Fissure Lesions and Weight
Gains in Five Dietary Groups of 12 Rats

Number of
fissure lesionsa

Weight gain
Diet B C (g)

Sucrose 5.75 2.58 82.0
Sorbitol 1.33b 0.42b 46.0
Lactitol 1.17b 0.33b 72.2b

Wheat flour 0.67b 0.25b 80.8b

Xylitol 0.42b 0b 48.6c

Pooled standard error 0.56 0.43 5.4

a Twelve fissures at risk.
b P � 0.01, significantly different from the sucrose group.
c P � 0.0001 (Turkey’s test).
Source: Ref. 15.

sisting of 50% wheat flour and 50% basal diet. The rats were program fed. None
of the animals had diarrhea.

Especially in the lactitol group, no significant adverse effects on general
health were observed. The results are shown in Table 2. Obviously, the substitu-
tion of sucrose by lactitol reduces caries significantly. The caries results for sorbi-
tol and xylitol were in accordance with other studies in which these polyols were
used.

In the second experiment, human food was fed to rats. Shortbread biscuits
containing 16.6% sucrose or lactitol were incorporated at 66% in pulverized,
blended diets fed to two groups of 21 rats, so that the final level of lactitol in
the test diet was 11%. Again, after a period of 8 weeks, caries attack showed
highly significant reduction when replacing the sucrose in the biscuits with lac-
titol.

The most recent studies on the dental properties of lactitol in rats tested it
at lower levels in the diet and in the form of a finished human food product rather
than as a raw ingredient in a blended animal diet (22). At a level of 16% lactitol
or 16% xylitol in the blended diet, the carious scores, lesion counts, and severity
of the lesions were so close on the two polyol regimens that they were indistin-
guishable but significantly beneficial compared with the 16% sucrose group.

H. Investigations in Man

At the university of Zunch, a special method has been developed for the in vivo
determination of the plaque pH in humans. After consumption of chocolate or
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Figure 2 Telemetrically recorded pH of 5 days interdental plaque in subject H. H. dur-
ing and after consumption of 13 g LACTY plain chocolate. A 10% sucrose solution was
used as a positive control. PC, 3-min paraffin chewing gum; u, rinsing with 3% carbamide.

confections in which sucrose is replaced with lactitol, changes in plaque acidifi-
cation are detected by the electrodes and transmitted electronically to a graph
recorder.

The term ‘‘zahnschonend’’ (safe for teeth/friendly to teeth) is used offi-
cially in Switzerland when the pH of dental plaque does not drop below 5.7
during a 30-minute period. Professor Muhlemann demonstrated in chocolates that
lactitol is ‘‘safe for teeth’’ (23, 24).

In Fig. 2, it is shown that during and after eating 13 g LACTY chocolate
(plain lactitol-containing chocolate), the plaque pH is not affected, whereas with
a 15-ml 10% sucrose solution, the plaque-pH is reduced to about 4.5, which
indicates that sucrose is being fermented into acids by the oral bacteria.

V. PHYSICAL PROPERTIES

Lactitol is a white crystalline powder available as a monohydrate or anhydrate.
In the following sections the most important characteristics of lactitol will be
described.



Lactitol 305

Table 3 Relative Sweetness of Lactitol
Solutions Compared with Sucrose Solutions
at 25°C

Relative sweetness
Sucrose solution of lactitol
concentration (w/w) (sucrose � 1.0)

2% 0.30
4% 0.35
6% 0.37
8% 0.39

10% 0.42

A. Sweetness

Lactitol is less sweet than sucrose. Lactitol increases in relative sweetness when
its concentration is increased (see Table 3). In most applications, a sweetness of
0.4 times that of sucrose will be found. Lactitol has a clean sweet taste, without
an aftertaste. In some products, the lower sweetness will allow the flavor of other
ingredients to develop better. In other products, the sweetness will need to be
increased. This is possible by using an intense sweetener. To obtain a sweetness
equivalent to sucrose, approximately 0.3% aspartame or acesulfame K of lactitol,
or approximately 0.15% saccharin needs to be added to lactitol.

B. Crystal Forms

Crystallization from aqueous solutions results in nonhygroscopic white monohy-
drate or dihydrate crystals or hygroscopic anhydrate crystals. The dihydrate has a
melting point of 76–78°C, and the monohydrate has a more complicated melting
behavior. Under the melting microscope, most of the crystals melt at 121–123°C,
but part of the crystal-bound water evaporates below 100°C, converting this mon-
ohydrate into the anhydrous form. The melting point determination of the mono-
hydrate by differential scanning calorimetry shows the main endothermal peak
in the range of 96–107°C (water evaporation). The melting point of lactitol anhy-
drate is 145–150°C, determined by differential scanning calorimetry.

C. Hygroscopicity

Hygroscopicity is related to the amount of water absorbed by a product. Sucrose
is not hygroscopic. Only under severe circumstances will sucrose absorb water.
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Figure 3 Moisture absorption of sucrose and polyols at different relative humidities
after 7 days at 25°C.

The same applies to lactitol monohydrate. This can be seen in Fig. 3. When we
look at sorbitol, we notice a high level of hygroscopicity. This means that, for
example, crisp bakery products will easily become soggy because they absorb
water from the air. Lactitol monohydrate is one of the least hygroscopic polyols
together with mannitol. This makes lactitol suitable for all applications in which
water absorption is a critical parameter, like bakery products, tablets, and panned
confection.

D. Water Activity

Water activity influences enzymatic activities, Maillard reaction, fat oxidation,
microbial stability, and texture. These elements combined influence the shelf-
life. The influence of lactitol on water activity is similar to that of sucrose (on
a dry solids basis) because the molecular weight of lactitol is almost identical to
that of sucrose. Sorbitol, being a much smaller molecule, has a much larger effect
on the water activity (Fig. 4).

E. Solubility

Solubility of the ingredients is important for many products (e.g., ice cream, hard-
boiled sweets). A low solubility can make production processes more difficult
(e.g., in hard-boiled sweets, most of the water will have to be evaporated because
more water will have to be added when the solubility is low). The solubility of
lactitol at lower temperatures is less than that of sucrose but still good enough
not to cause inconveniences during processing (Fig. 5). The solubility of maltitol
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Figure 4 Water activity of lactitol, sucrose, and sorbitol at 25°C.

is comparable with lactitol. Mannitol and isomalt have a lower solubility, which
influences processing, mouth-feel, and flavor release.

F. Viscosity

The viscosity of lactitol in aqueous solution is slightly higher than that of sucrose
(Fig. 6). In the case of hard-boiled sweets, the viscosity of the lactitol-melt is
more important. In this case, a combination of lactitol and hydrogenated starch
hydrolysate is used (comparable to sucrose and glucose syrup). For this combina-
tion a slightly lower viscosity is found than for its sucrose counterpart, but on
cooling down, the same viscosity (or plasticity) will be reached, so lactitol will
also be suitable for molded sweets.

Figure 5 Solubility of lactitol and other polyols at different temperatures.



308 Mesters et al.

Figure 6 Viscosity of polyol solutions at different concentrations at 25°C.

G. Heat of Solution

Lactitol has a cooling effect that is slightly stronger than that of sucrose but far
less than that of sorbitol and xylitol (Table 4).

H. Freezing-Point-Depressing Effect

If sugars are replaced in ice cream, a replacer causing a similar freezing-point
decrease is required. Lactitol is such a product, as shown in Fig. 7. This effect
is closely related to the molecular weight because this is virtually the same for
lactitol and sucrose; the effect is very similar.

Table 4 Heat of Solution
of Various Sweeteners

Sweetener Cal/g

Sorbitol �26.6
Mannitol �28.9
Xylitol �36.6
Lactitol monohydrate �12.4
Lactitol anhydrate �6.0
Maltitol �18.9
Isomalt �9.4
Sugar �4.3
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Figure 7 Freezing-point-depressing effect.

I. Chemical Properties

Lactitol is a polyol with nine OH-groups that can be esterified with fatty acids
resulting in emulsifiers (3) or that can react with propylene oxide (to produce
polyurethanes). Because of the absence of a carbonyl group, lactitol is chemically
more stable than related disaccharides like lactose. Its stability in the presence
of alkali is much higher than that of lactose. The stability of lactitol in the pres-
ence of acid is similar to that of lactose. The absence of a carbonyl group also
means that lactitol does not take part in nonenzymatic browning (Maillard) reac-
tions.

Lactitol solutions have an excellent storage stability. A 10% lactitol solu-
tion in the pH range 3.0–7.5 at 60°C shows no decomposition after 1 month.
After 2 months at pH 3.0, some decomposition (15%) is detected. At a higher
pH this does not occur. With increasing temperature and especially with increas-
ing acidity, hydrolytic decomposition of lactitol is observed. Sorbitol and galac-

Table 5 Decomposition of a 10% Lactitol Solution under Extreme Conditions of pH
and Temperature

% Weight recovery at 24 hr at 105°C

pH Lactitol Galactose Sorbitol Not identified

2.0 42.9 28.1 21.4 7.6
10.0 98.0 — — 2.0 (acids)
12.0 98.3 — — 1.7 (acids)
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tose are the main decomposition products. At high pH lactitol is stable even at
105°C (Table 5).

When heated to temperatures of 179–240°C, lactitol is partly converted
into anhydrous derivatives (lactitan), sorbitol, and lower polyols.

VI. APPLICATIONS

Any application in which carbohydrates are used could be discussed because
lactitol could play a role. However, some general guidelines for specific applica-
tion areas are offered.

Lactitol is used in products for its bulking properties. Therefore on most
occasions a one-to-one replacement will be required. Because of the lower sweet-
ness of lactitol, most products contain a combination of lactitol and intense sweet-
eners.

A. Bakery Products

In this area there are many products in which sugar can be replaced. For a large
number of bakery products the crispiness of the product is important. Most bulk
sweeteners have the tendency to be hygroscopic, but if lactitol products are han-
dled like sucrose products, crispiness can be assured.

In the soft bakery products (e.g., cakes), we find that lactitol (being nonhy-
groscopic) often benefits by a small addition of a humectant (e.g., sorbitol). This
gives a smooth, moist feel without affecting the good structure and texture ob-
tained by lactitol.

Next to sugar-free bakery products, products low in calories or with func-
tional claims, high fiber, are developed. In these products lactitol is a suitable bulk
sweetener. In low-calorie products, lactitol is often combined with polydextrose,
which is an optimal combination to reduce the calorie content and maintain a
high-quality product. High-fiber products claim to have a positive effect on the
colon. Because of the beneficial effects that lactitol has on the colon, it will be
a suitable sweetener in such products.

B. Chewing Gum

Sugar-free chewing gum is becoming very popular. The advantage of the sugar-
free chewing gum is the tooth-friendliness. Lactitol, like all other polyolsis tooth-
friendly and suitable for use in chewing gum. Lactitol can be used as a sweetener
in the gum base, as rolling compound/dusting powder, and in the panning layer.
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In the gum base, lactitol gives a more flexible structure, and there is no need to
increase the gum base level as is required in sorbitol containing chewing gum.

Lactitol and mannitol are the polyol, with the lowest hygroscopicity. This
makes lactitol an excellent rolling compound. The low hygroscopicity will in-
crease shelf-life, especially when stored at high temperatures and humidities.
Furthermore, lactitol will improve mouth-feel and, compared to mannitol, lactitol
has a better solubility that prevents sandiness of the chewing gum.

A lactitol panned chewing gum is very stable because of the low hygroscop-
icity.

C. Chocolate

Lactitol can successfully be applied when producing a sugar-free chocolate. Both
lactitol monohydrate and anhydrate can be used for the production of chocolate.
The difference between these two crystal forms during processing is the conching
temperature. As discussed before, lactitol monohydrate is not hygroscopic; how-
ever, it does contain crystal water. When lactitol monohydrate is used, the crystal
water will be bound sufficiently to use temperatures of up to about 60°C during
the conching stage of chocolate. Above this temperature, the water will come
free and the viscosity of the chocolate mass increases. With anhydrous lactitol
the conching temperature can be 80°C. Another difference between the two forms
is the cooling effect. The anhydrous lactitol has a lower cooling effect than the
monohydrate. This will improve the taste of the chocolate, which should have a
warm taste.

D. Confectionery

In confectionery a large range of products is imaginable. A combination of differ-
ent sugars is often found when looking at sugar confectionery. This is necessary
to obtain the desired effect and results. In general, lactitol replaces the sucrose
part of recipes, whereas glucose syrup needs to be replaced by hydrogenated
starch hydrolysate or maltitol syrup. These latter products are used as crystalliza-
tion inhibitors. The right ratio differs from product to product, (e.g., hard-boiled
sweets need a 70/30 ratio [lactitol/hydrogenated starch hydrolysate], chewies,
fruit gums, and pastilles a 40/60 ratio).

E. Ice Cream

Lactitol shows a combination of physical properties (e.g., freezing-point-
depressing effect, hygroscopicity, solubility) that are suitable for ice cream. Not
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Figure 8 The water absorption of tablets made with direct compressible polyols. (Tablet
hardness, 150N; temperature, 20°C; RH, 70%).

only will the use of lactitol reduce the caloric content of the ice cream but it will
also permit a low fat percentage, allowing even further reduction in calories.

F. Tablets

Granulated lactitol is suitable for the use in tabletted confections, such as breath
fresheners, and as an excipient in pharmaceutical preparations like vitamin tab-
lets. In this application, the low hygroscopicity of lactitol is important. This low

Figure 9 The compression profile of direct compressible polyols on a rotary press
(30,000 rpm, 0.5% Mg-stearate, ∅ 9 mm, 650 mg).
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hygroscopicity prolongs shelf-life and protects active agents against moisture.
Figure 8 shows that lactitol tablets absorb hardly any water.

In pharmaceutical tablets, direct compressible sorbitol and mannitol are
most often used. The advantage of lactitol in this application is the low hygro-
scopicity compared with sorbitol and the better solubility compared the mannitol.
With respect to tablet hardness lactitol performs in between (Fig. 9). This makes
direct compressible lactitol a good alternative.

G. Preserves

The solution to low-calorie preserves is often found in a low dry solids preserve.
To combine this with lactitol will result in an even larger reduction in calories,
while maintaining the good flavor and texture.

VII. REGULATORY STATUS FOR LACTITOL

Argentina Allowed
Australia Allowed
Brazil Allowed
Canada Allowed
European Union Lactitol is allowed as a sweetener in all EU countries regulated by

the sweeteners in food directive No. 94/35/EC.
Lactitol can also be used as additive; this is regulated in the food

additives other than colors and sweeteners No. 95/2/EC
The E-number for lactitol is E 966

Israel Allowed
Japan Allowed
Norway Allowed
Sweden Allowed
Switzerland Allowed
United States Lactitol is self-affirmed GRAS. The petition to affirm lactitol as

GRAS was accepted for filing by the Food and Drug
Administration on May 17, 1993.

VIII. CONCLUSION

Lactitol is a unique, commercially available bulk sweetener. Its physical proper-
ties guarantee optimal product performance during processing and storage of the
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food containing lactitol. Being so similar to sucrose, it is possible to develop new
sugar-free and light food products in a short period of time.
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Sorbitol and Mannitol

Anh S. Le and Kathleen Bowe Mulderrig
SPI Polyols, Inc., New Castle, Delaware

I. INTRODUCTION

Sorbitol and mannitol have existed as commercial products for more than 60
years. Today, sorbitol and mannitol are used in food, confectionery, oral care,
pharmaceutical, and industrial applications because of their unique physical and
chemical properties. Sorbitol and mannitol are classified as sugar alcohols or
polyols.

Sorbitol was first discovered by a French Chemist named Joseph Boussin-
gault in 1872. He isolated it from the fresh juice of the mountain ash berries.
Mannitol is found in the extrudates of trees, manna ash, marine algae, and fresh
mushroom. Although present in natural sources, sorbitol and mannitol were not
commercially available until 1937, when they were first manufactured in full
production scale by the Atlas Powder Company, Wilmington, Delaware (now
SPI Polyols, Inc.) (1).

II. PRODUCTION OF SORBITOL AND MANNITOL

Glucose syrups, invert sugar, and other hydrolyzed starches are important raw
materials for the manufacture of sorbitol and mannitol. Sorbitol is produced from
the catalytic hydrogenation of glucose. The hydrogenation reaction is driven by
a catalyst, such as nickel. After the reaction is complete, the catalyst is filtered
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out and the solution is purified. It is then evaporated to 70% solids and sold as
sorbitol solution (1).

Crystalline sorbitol is made by further evaporating the sorbitol solution into
molten syrup containing at least 99% solids. The molten syrup is crystallized
into a stable crystalline polymorph that has one single melting point (99–101°C)
and heat of fusion (42 cal/g, assuming 44 cal/g represents a fully crystallized
crystalline sorbitol). The stable polymorph of sorbitol is known as gamma (γ)
sorbitol and was determined from the work of Atlas Powder Company and Uni-
versity of Pittsburgh researchers in the early 1960s. Most commercially available
crystalline sorbitol is the gamma polymorph (2, 3).

When hydrogenated invert sugar is the raw material, both sorbitol and man-
nitol are produced in the solution because they are isomers. The mannitol and
sorbitol are separated on the basis of their different solubilities. Mannitol is crys-
tallized from the solution because of its lower solubility than sorbitol in water.
The resulting product is the most stable polymorph, the β-polymorph (4). Manni-
tol is then filtered, dried, and sold as white powder or free-flowing granules (di-
rectly compressible material).

III. PHYSICAL AND CHEMICAL PROPERTIES OF
SORBITOL AND MANNITOL

Sorbitol and mannitol are six-carbon, straight-chain polyhydric alcohols, meaning
they have more than one hydroxyl group. Both sorbitol and mannitol have six
hydroxyl groups and the same molecular formula, C6H14O6. They are isomers of
one another and have different molecular configurations. The difference between
sorbitol and mannitol occurs in the planar orientation of the hydroxyl group on
the second carbon atom (Figs. 1 and 2). This dissimilarity has a powerful influ-
ence and results in an individual set of properties for each isomer.

Figure 1 The chemical structures of sorbitol and mannitol.
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Figure 2 The planar configurations of sorbitol and mannitol.

The major difference between the two isomers is that sorbitol is hygro-
scopic and mannitol is nonhygroscopic. Therefore, sorbitol is used as a humectant
because of its affinity for moisture, and mannitol is used as a pharmaceutical and
nutritional tablet excipient because of its inertness and stability against moisture.

Sorbitol solution is hygroscopic, attracting and releasing moisture under
varying humidity conditions, but it does so very slowly. Polyols of lower molecu-
lar weight, such as glycerin, tend to gain and lose water more rapidly. Sorbitol
provides improved moisture control and is more likely to maintain equilibrium
in the surrounding environment. This slower rate of change in moisture content
protects the food products in which sorbitol is used, thus maintaining the as-
made quality of the product and extending the shelf-life (Fig. 3).

There are many different polymorphs of both sorbitol and mannitol. The
most stable polymorph of sorbitol is (γ)-sorbitol. The properties of γ-sorbitol and
the other polymorphs are contained in Table 1 (2). The most stable polymorph
of mannitol is the (β)-polymorph. Working with the most stable polymorph is
important because one needs to be certain the product being used will not change
during processing, (i.e., an unstable polymorph converting to the stable poly-
morph). Use of the most stable polymorph ensures that the properties of the
finished product will not change (5). Most of the commercially available sorbitol
and mannitol products are of the most stable polymorphs. One of the characteris-
tics affected by polymorph is solubility. The solubility in water of γ-sorbitol is
very high (235 g/100 ml at 25°C). The solubility in water of β-mannitol is lower
(22 g/100 ml at 25°C).
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Figure 3 Rates of moisture exchange between air and sorbitol solutions and glycerin.
These curves show the rate of moisture gain occurring when solutions of sorbitol or glyc-
erin, which are in hygroscopic equilibrium at 58% relative humidity, are transferred to
an atmosphere of 79% relative humidity; also the rate of moisture loss when such solutions
are transferred to an atmosphere of 32% relative humidity. Note that the sorbitol solutions
neither gain nor lose water as rapidly as do the glycerin solutions. (Courtesy of SPI Polyols,
Inc., New Castle, Delaware.)

Sorbitol and mannitol are sweet, pleasant-tasting polyols. This characteris-
tic makes them popular in confectionery and pharmaceutical taste-masking appli-
cations. Sorbitol is approximately 60% as sweet as sucrose, and mannitol is ap-
proximately 50% as sweet. They both have a negative heat of solution, which
gives them a cooling sensation in the mouth. Sorbitol’s heat of solution is �26.5
cal/g (at 25°C), and mannitol’s heat of solution is �28.9 cal/g (at 25°C).

Like many polyols, sorbitol and mannitol have a laxation threshold associ-
ated with them. The average adult can consume up to 50 g of sorbitol and 20 g
of mannitol in a day without a laxation problem. The general characteristics of
sorbitol and mannitol are summarized in Table 2.
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Table 1 Physical Properties of the Polymorphic Forms of Crystalline Sorbitol

Form

Property E α ∆ β γ

Peaka (°C) 75/83 88 89 97.5 101
Onset of peaka (°C) 68 85 86 94.5 99
Melting range (°C) 77– 90.0–91.5 86.8–88.5 94.2–95.0 99.0–101.6
Density (g/cm�3) n.d.d 1.550 1.460 1.481 1.527

flotation
H2O solubilityb 252 n.d.§ 252 216 211

X-ray interplanar d I/I0 d I/I0 d I/I0 d I/I0 d I/I0

spacingsc (Å)
(6 strongest) 4.73 100 4.22 100 4.23 100 3.95 100 4.73 100

3.50 67 3.93 75 3.71 66 5.95 80 3.49 67
4.04 60 4.33 70 4.77 64 4.66 74 4.04 61
6.00 45 2.65 51 2.12 53 4.98 50 3.91 53
7.57 40 3.78 41 2.64 44 4.24 42 4.33 50
5.07 40 2.77 41 8.85 27 3.48 38 3.50 50

a As determined by differential thermal analysis (DTA) and differential scanning calorimetry (DSC).
b H2O at 20°C (parts per 100 parts H2O).
c Space group: P2,2,2,; Axes (Å): a � 8.677, b � 9.311, c � 9.727.
d n.d. � not determined.
Source: Reproduced with permission from Pharmaceutical Technology, Vol. 8, Number 9, September 1984, pages 50–56. Copyright by Advanstar Communi-
cations, Inc. Advanstar Communications, Inc. retains all rights to their article.
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Table 2 Characteristics of Sorbitol and Mannitol

Sorbitol Mannitol

Chemical formula C6H14O6 C6H14O6

Form White powder or 70% so- White powder
lution

Sweetness 60% of sucrose 50% of sucrose
Taste Sweet/cool Sweet/cool
Odor None None
Noncariogenic Yes Yes
Moisture sensitivity Hygroscopic Nonhygroscopic
Solubility in H2O (at 25°C) 235 g/100 g H2O 23 g/100 g H2O
Caloric value 2.6 cal/g 1.6 cal/g
Melting point 100°C 164°C
Molecular weight 182 182
Heat of solution (at 25°C) �26.5 cal/g �28.9 cal/g
Chemical stability Stable in air in the ab- Stable in dry state or in

sence of catalysts and sterile aqueous solu-
in cold, dilute acids and tions. In solutions, it is
alkalis. Sorbitol does not attacked by cold di-
not darken or decom- lute acids or alkalis, or
pose at elevated temper- by the atmospheric oxy-
atures or in the pres- gen in the absence of
ence of amines. It is catalysts. Mannitol does
nonflammable, non- not undergo Maillard re-
corrosive, and nonvola- actions.
tile.

IV. ABSORPTION AND METABOLISM

Sorbitol and mannitol are widely accepted by the food and pharmaceutical indus-
tries as nutritive ingredients because of their ability to improve the taste and
shelf-life of regular foods and special dietary products.

Sorbitol and mannitol are slowly absorbed into the body from the gastroin-
testinal tract and are metabolized by the liver, largely as fructose, a carbohydrate
that is highly tolerated by people with diabetes. Sorbitol is absorbed and metabo-
lized in the liver by way of a pathway located entirely in the cytoplasmic compart-
ment; this pathway is illustrated in Fig. 4 (6).

Ingestion of sorbitol and mannitol does not usually cause an immediate
demand for extra insulin. The initial steps in the metabolism of sorbitol and man-
nitol in the liver, their uptake by the liver cells, and their conversion to glucose
are independent of insulin, but the subsequent use of glucose by the muscle and
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Figure 4 Sorbitol and mannitol metabolism. (From Ref. 6.)

adipose tissues is influenced by insulin (6). The person’s condition at the time
of ingestion will determine the amount of insulin required. In the calculation
of nutrient intake, sorbitol and mannitol should be considered as carbohydrates;
however, they have lower glycemic indices than other carbohydrates so can usu-
ally be used safely by people with diabetes.

The caloric value of sorbitol is 2.6 cal/g and the caloric value of mannitol
is 1.6 cal/g in the United States. These are lower than the caloric value of sucrose,
which is 4 cal/g.
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Sorbitol and mannitol do not increase the incidence of dental caries, a con-
dition started and promoted by acid conditions that develop in the mouth after
eating carbohydrates and proteins. Results from pH telemetry tests show that
sorbitol and mannitol do not increase the acidity or lower the pH of the mouth
after ingestion. This means that they will not promote tooth decay. For this reason,
sorbitol and mannitol are used in oral care and pediatric applications. The use-
fulness of polyols (e.g., including sorbitol and mannitol) as alternatives to sugars
and as part of a comprehensive program including proper dental hygiene has
been recognized by a numerous authorities, including the American Dental Asso-
ciation.

V. APPLICATIONS

Sorbitol and mannitol are used in the food, confectionery, oral care, and pharma-
ceutical industries because of their unique physical and chemical properties. Be-
cause of these properties, sorbitol and mannitol perform certain functions that
are beneficial within the final product. As mentioned previously, sorbitol and
mannitol have different properties from one another because of their different
planar orientations. For this reason, they serve different functions in food and
pharmaceutical products.

A. Sorbitol Applications

1. Chewing Gum

Crystalline sorbitol is widely used as a bulking agent in sugar-free chewing gum.
Crystalline sorbitol does not promote dental caries. It provides sweetness and a
pleasant cooling effect, which are synergistic with other flavoring agents such
as spearmint, peppermint, cinnamon, wintergreen, and fruit flavors. The level of
crystalline sorbitol used in a sugar-free chewing gum is typically between 50–
55% by weight. High-intensity sweeteners such as aspartame and acesulfame
potassium can be used with crystalline sorbitol to improve the sweetness and
flavor release. The size of the crystalline sorbitol granules is very important in
regard to flexibility, chew, cohesion, and smoothness in chewing gum. The parti-
cle size distribution of crystalline sorbitol used in sugar-free chewing gum is
typically 94.5% through the U. S. Standard Testing Sieve Number 40.

The process of making sugar-free chewing gum is basically a blending
operation that uses a horizontal sigma blade mixer. The mixer is equipped with
a circulating water-heated jacket. The temperature of the water is heated to be-
tween 50–55°C. Crystalline sorbitol is mixed with the preheated gum base (the
temperature of the gum base is 50–55°C) and the humectant solution until the
mixture is homogenous. The mixing time is typically about 8 to 9 minutes. Gum
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bases are derived from natural sources and are synthetically produced to provide
desired chewing properties. The humectant solution is usually a sorbitol solution,
glycerin, and/or a maltitol solution. The humectant is used to prevent the sugar-
free chewing gum from becoming too dry or stale during storage. The flavoring
agent is then added to the homogenous mixture and mixed for an additional 3
to 4 minutes. The gum is removed from the sigma blade mixer and shaped into
thin sheets by running it through a set of rollers several times. A dusting agent,
mannitol powder, is usually used to dust the surfaces of the gum sheets to reduce
the tendency of the gum to stick to the rolling, cutting, and wrapping equipment.
The thin sheets of gum are then stored in a constant temperature room (25°C
and less than 40% relative humidity) for 24 hours. They are then cut and wrapped
into individual sticks of chewing gum.

2. Sugar-Free Hard Candy

To make a candy sugar free, sorbitol solution is used as the primary ingredient.
In hard sugar candies, the corn syrup serves this purpose. Sorbitol is used for its
sweet, cool taste and its ability to crystallize and form a hard candy. Sorbitol is
noncariogenic, so sugar-free hard candies made with it will not promote tooth
decay.

Sorbitol is used to make sugar-free candies by the batch depositing method.
In this method, sorbitol solution is cooked at high temperatures until most of the
water is driven off. The molten sorbitol is slowly and evenly cooled to a certain
temperature, at which time flavor and a small amount of crystalline sorbitol are
added. The crystalline sorbitol is used as a seed that nucleates the melt and starts
the crystallization of sorbitol. The melt is deposited into molds and allowed to
crystallize further. The sorbitol continues to crystallize and sets up into a hard
candy.

The type of sorbitol solution used can control the rate of sorbitol crystalliza-
tion. In the manufacture of sorbitol solution, mannitol is also produced because
it is an isomer. Sorbitol solution 70%, USP, contains a small amount of mannitol
(approximately 3%). Adjusting the mannitol levels up or down can increase or
decrease the candy’s set time. If the candy manufacturer has an automated batch
depositing process and wants the candy to set up quickly, the mannitol level in
sorbitol solution can be adjusted down. Alternatively, if the candy manufacturer
has a manual process and does not want the candy to set up too quickly for fear
of it setting up in the depositor, the mannitol level in sorbitol solution can be
adjusted up. The mannitol inhibits or controls the rate of sorbitol crystallization.

3. Pressed Mints and Pharmaceutical and Nutritional Tablets

Crystalline sorbitol can be used in various types of tablets. It is most often used
in a confectionery tablet such as a pressed mint. Because of its negative heat of
solution, sorbitol has a cool taste that almost gives the perception of mint. Used
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with a mint flavor, this attribute of sorbitol enhances the tablet’s flavor. Sorbitol
is 60% as sweet as sucrose, so a mint tablet will not be too sweet, which would
detract from its breath-freshening properties. (γ)-Sorbitol crystallized in a certain
way can be used to improve flavor holding. This is due to its porous crystalline
structure (7).

Sorbitol is very compressible and binds other tablet ingredients effectively.
Grades of sorbitol that are made for tableting applications are available. These
have special particle size distributions that make the product free flowing and
suitable for direct compression. The particle size is controlled to optimize the
flow characteristics of the granulations in modern high-speed tablet presses (8).

Sorbitol is also used in pharmaceutical and nutritional tablets. The hygro-
scopicity of sorbitol can pose a problem to some tablet formulations because
many drug substances are moisture sensitive and degrade if moisture is present.
A small amount of sorbitol can be used in the tablet without greatly affecting
the moisture pickup. By adding a small amount of sorbitol, a pharmaceutical
formulator can make a pleasant tasting, strong tablet without jeopardizing the
potency of the active drug substance. In some pharmaceutical tablets, moisture
uptake is not a great problem. Sugar-free antacid tablets use sorbitol as the major
inactive ingredient to bind the active ingredients effectively.

4. Confections

Sorbitol is related to sugars but has a different carbohydrate structure. Despite
the chemical relationship, sorbitol modifies the crystallization of sugar by com-
plexing. As a result, it influences the rate of crystallization, crystal size, and
crystal-syrup balance in sugar-based confections.

In grained confections and similar candies, sorbitol functions as one of the
doctors used to modify crystal structures to extend shelf-life. In the production
of any confection,there is a point at which sucrose crystallization should take
place to achieve maximum shelf-life. If crystallization takes place on either side
of this ‘‘optimal point,’’ the crystals will be either too large or too small to
achieve the stability required for maximum shelf-life. Including sorbitol in the
doctor system of a confection will complex the total sucrose/doctor system. This
provides the confectioner a broader area in which to crystallize the confectioner
and still be at the optimum point as measured by quality and shelf-life. Sorbitol
also improves as-made texture and moisture retention because of its humectant
properties. It is unique because, unlike other doctors, enough sorbitol can be used
to extend shelf-life without adversely affecting as-made texture or taste.

5. Baked Goods

Sorbitol can be used in both sugar-free and sugar-based baked good products.
In sugar-free cakes, cookies, muffins, etc., sorbitol is used to replace sucrose. It
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is used as a bulking agent and sweetener. When only sorbitol is used as the
bulking agent, a high-intensity sweetener may be needed because sorbitol is only
approximately 60% as sweet as sucrose.

Sorbitol can also be used in sugar-based baked goods to extend the prod-
uct’s shelf-life. Sorbitol works as a humectant, attracting moisture from the envi-
ronment. It holds onto this moisture, maintaining the proper balance and not
allowing the baked good to dry out.

6. Surimi

Sorbitol is used to make Surimi products such as imitation crabmeat, shrimp,
and lobster. Surimi is fish (pollack) that is processed and frozen. It is then shipped
to the imitation seafood manufacturers who color it and mold it into the shape
of the seafood they wish to imitate. This product has enjoyed tremendous growth
in the U.S. market and has always been extremely popular in the Asian markets.

Because Surimi is frozen, shipped, and subjected to freeze-thaw cycling in
transit, the primary muscle protein of the fish becomes denatured, resulting in a
reduction of gel-forming ability and gel strength. As deterioration of Surimi qual-
ity progresses, the Surimi becomes unsatisfactory for the production of high-
quality imitation seafood products. A cryoprotectant is needed to protect the Sur-
imi from the freeze-thaw cycle (9).

Initially, the Japanese used sucrose as the primary cryoprotectant in Surimi
at levels of 6–8%. The resulting product had good freeze-thaw stability, but the
sucrose had imparted an undesirable sweetness to the Surimi analog and in some
cases caused a significant color change in the Surimi paste. These two problems
led to the evaluation of sorbitol in blends with sucrose.

Sorbitol proved effective. It lowered the sweetness (60% that of sucrose)
and improved the flavor of the Surimi analog. It served as an effective cryoprotec-
tant because of its ability to lower the freezing point of water, and it prevented
the deterioration of the Surimi’s texture because of its ability to maintain proper
moisture balance. Crystalline sorbitol can be used alone or in combination with
sucrose. Sorbitol solution is also effective as a flavor enhancer and cryoprotectant
and can be used in place of crystalline sorbitol/sucrose blends (10).

7. Cooked Sausages

Sorbitol can be used in cooked sausages to improve the flavor and method of
cooking. The term ‘‘cooked sausages’’ is defined in the USDA Regulation 9 CFR
318.7 and includes products labeled as ‘‘franks,’’ ‘‘frankfurters,’’ and ‘‘knock-
wurst.’’ It does not include raw sausage products such as ‘‘brown and serve’’
products.

When frankfurters are cooked commercially, such as at a sports stadium
or convenience market, the sausage is cooked continuously and can spend a great
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deal of time on the rotary grill. This can lead to burning or charring of the sausage
casing, which makes its appearance unappealing to the customer. It is the sugar
or corn syrup used in the cooked sausage that is caramelizing and causing the
charring. Sorbitol does not caramelize as do the sugars or corn syrups, so the
cooked sausage will not char on the grill.

Sorbitol enhances the flavor of the cooked sausage. It improves the reddish
color of the sausage and the color stability. It has also been shown to reduce the
potential for white slime bacterial growth that occurs with older frankfurters (11).

The previously mentioned benefits make the cooked sausage more appeal-
ing to the consumer. The addition of sorbitol to the cooked sausage also benefits
the manufacturer in that it increases the ease of peeling off the sausage casing
after the sausage has been made, such as is done in the skinless frankfurter manu-
facturing process.

8. Shredded Coconut

The pleasant, sweet taste and hygroscopicity of sorbitol protects shredded coco-
nut from loss of moisture. Because it is nonvolatile, sorbitol has a more permanent
conditioning effect than other humectants.

9. Beverages and Liquid Products

Sorbitol has many advantages for a wide range of liquid products. It can be used
in carbonated and noncarbonated beverages, nutritional drinks, and pharmaceuti-
cal liquids (antacid and antibiotic suspensions, cough syrups, etc).

Sorbitol solution acts as a bodying agent because of its viscosity of approxi-
mately 110 centipoise (cps). It improves the mouth-feel of the finished product
by eliminating a watery or thin organoleptic sensation. Sorbitol enhances flavor
and imparts a characteristic sweet, cool taste that is not cloying.

Sorbitol exhibits stability and chemical inertness when in contact with
many chemical combinations of ingredients. Sorbitol solution can be used alone
or with other liquid vehicle components, if necessary, for enhanced solvent power
or special taste and mouth-feel effects. With sorbitol solution as the vehicle, al-
most any medicament can be used. Sensitive, insoluble active ingredients such
as vitamins or antibiotics retain their potency in oral liquids containing sorbitol
solution, USP. Sorbitol can also act as a cryoprotectant and therefore lowers the
freezing point of water. This ability gives the formulators the means to protect
liquid pharmaceutical preparations from low-temperature damage in storage or
transit (12).

Sorbitol can serve as a crystallization inhibitor for liquid sugar systems. In
any concentrated solution of pure solids or suspension systems, crystallization
can occur. When crystallization is localized on the threads of a bottle, the cap
may become difficult or impossible to remove. The condition is known as
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‘‘caplocking.’’ Sorbitol helps eliminate crystallization and its undesirable effects
by developing a more complex solids system in syrups that makes them less
readily crystallizable.

10. Oral Care and Toothpaste

Sorbitol is used in toothpaste and other oral care products as the primary sweet-
ener. Sorbitol solution and noncrystallizing sorbitol solution are the primary types
of sorbitol used. The role of oral care products is to prevent tooth decay. As
mentioned previously, sorbitol does not lower the pH of the mouth so will not
promote the growth of bacteria that can lead to tooth decay. The fact that sorbitol
is only 60% as sweet as sucrose is a benefit because the oral care product will
not be too sweet and cloying. The cool taste of sorbitol caused by its negative heat
of solution is also helpful because it enhances the mint flavor of the mouthwash or
toothpaste.

Sorbitol is also used because of its humectant properties. Sorbitol is a static
humectant, meaning it picks up moisture and retains that moisture over time. It
does not have the rapid moisture gain and loss cycle of other polyols, such as
glycerin. For this reason, sorbitol is used by itself or in combination with other
polyols to maintain the appropriate moisture balance in the toothpaste or mouth-
wash (Fig. 3).

Sorbitol is used as a bodying agent to give oral care products the appropriate
mouth-feel. The viscosity of sorbitol solution or noncrystallizing solution gives
the mouthwash or toothpaste a smooth feel without making them too thick (Fig.
5).

11. Special Dietary Foods

Flavor, palatability, and texture are often lost to a noticeable extent when foods
are modified for dietary reasons. Sorbitol has been used as an adjunct in these
products to make them more palatable. Its sweet, cool taste and humectant proper-
ties lend it to application in many product types. The variety of foods is almost
endless and includes dried fruits, granola bars, ice cream, jams, roasted nuts, and
pancake syrup in addition to the products discussed in the previous sections.

B. Mannitol Applications

1. Chocolate-Flavored Compound Coatings

Mannitol can be used in chocolate-flavored compound coatings that are used to
enrobe ice creams and confections such as marshmallows and butter creams.
Mannitol replaces the sucrose in this application to make a sugar-free compound
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Figure 5 Viscosity of solutions of sucrose, sorbitol, and glycerol at various concentra-
tions. (Courtesy of SPI Polyols, Inc., New Castle, Delaware.)

coating. Sugar-free chocolates are popular for consumers with dietary restrictions,
such as people with diabetes. Mannitol sweetens the compound coating formula-
tion.

Mannitol is used in compound coating manufacture because it is nonhygro-
scopic. When sugar-free chocolate compound coatings were first manufactured,
sorbitol was used as the replacement for sucrose. Sorbitol is hygroscopic and
picks up moisture, which proved to be a problem. In the early stages of manufac-
ture, the chocolate is refined and the particle size reduced so that it will have a
smooth mouth-feel in the end product. During this step, if too much moisture is
introduced from the equipment or environment, the chocolate viscosity will be
adversely affected. Because the viscosity is too high, the end product will require
more fat than usual to achieve the appropriate texture. Fat is one of the most
expensive ingredients in chocolate manufacture. The chocolate manufacturer
wants to use the least amount of fat possible to make the best chocolate at the
lowest cost; this is possible with mannitol. It is widely known in the industry
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that mannitol compound coatings perform better than other sugar-free coatings
because less chocolate is required to successfully enrobe a confection.

2. Chewing Gum

In chewing gum, mannitol is used in a small percentage. It is used in two areas,
both in the gum and in the dusting on top of the stick of gum. In the gum, mannitol
is used as part of the plasticizer system to help maintain the soft texture of the
gum. In the dusting powder, mannitol is used as the sole or primary ingredient.
The surface of stick gum is dusted so that the gum does not stick to the manufac-
turing equipment or gum wrapper. Mannitol is used because it is nonhygroscopic.
It protects the gum from picking up moisture and becoming too sticky, thus pre-
venting it from adhering to the equipment or gum wrapper.

3. Pharmaceutical and Nutritional Tablets

Mannitol is used in tableting applications as a diluent or filler. A diluent or filler
is an inactive ingredient that binds with the active drug substance and helps to
compress it into a tablet. As a diluent, mannitol often makes up the bulk of the
tablet imparting its properties to the rest of the granulation. Mannitol comes in
two forms for tablet applications. There is powdered mannitol for wet granulation
tablet manufacture and granular mannitol for direct compression tablet manufac-
ture. The only difference between these products is their particle size distribution.
The granular mannitols contain larger particles and less fine particles so they
are free flowing. This is important for the direct compression method of tablet
manufacture because the tablet ingredients are simply dry blended before they
are introduced into the tablet press hopper.

Mannitol is most often used in chewable tablets because of its pleasant
sweet taste and good mouth-feel. Mannitol is 50% as sweet as sucrose and has
a cooling effect because of its negative heat of solution. These attributes lend
themselves to masking the bitter tastes of vitamins and minerals, herbs, or phar-
maceutical actives.

One of the major benefits of mannitol for tableting is its chemical inertness.
Mannitol is one of the most stable tablet diluents available. It will not react with
other tablet ingredients under any conditions. Many other tablet ingredients, such
as lactose or dextrose, undergo the Maillard reaction when combined with active
drug substances that contain a free amine group. This reaction causes the tablet
to discolor, turning a brownish color. Mannitol does not undergo the Maillard
reaction so therefore will not result in tablet discoloration. Mannitol has a high
melting point and will not discolor at higher temperatures, as do some other tablet
ingredients (13).

Another extremely important benefit of mannitol is that it is nonhygro-
scopic. Mannitol is very stable and will not pick up moisture, even under condi-
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Figure 6 Moisture pickup of sorbitol and mannitol.

tions of high temperature and high humidity. Many pharmaceutical active sub-
stances are moisture sensitive and will degrade when moisture is present.
Mannitol protects the active substance from moisture in the environment so that
its potency will not be lost (Fig. 6).

4. Special Dietary Foods and Candy

Mannitol can be used in a variety of foods and candies, but its actual use is
limited because of its price and laxation potential. It is popular in special dietary
foods because of its inert nature and the fact that it is considered safe for people
with diabetes. It is used as a flavor enhancer because of its sweet and pleasantly
cool taste. Because of its nonhygroscopic nature, mannitol can be used to main-
tain the proper moisture balance in foods to increase their shelf-life and stability.
It is noncariogenic and can be used in pediatric and geriatric food products be-
cause it will not contribute to tooth decay.

VI. REGULATORY STATUS

Sorbitol is generally recognized as safe (GRAS) for use as a direct additive to
human food according to the FDA regulation 21 CFR 184.1835 (sorbitol) (14).
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Mannitol is permitted in food on an interim basis, 21 CFR 180.25 (mannitol)
(15). Sugar-free foods sweetened with sorbitol and mannitol may bear the ‘‘does
not promote tooth decay’’ health claim in accordance with U.S. regulations (16).

The Joint Food and Agriculture Organization/World Health Organization
Expert Committee on Food Additives (JECFA) has reviewed the safety data for
both sorbitol and mannitol and determined they are safe. JECFA has established
an acceptable daily intake (ADI) for sorbitol of ‘‘not specified,’’ meaning no
limits are placed on its use (17). JECFA has allocated a temporary ADI of 0–
50 mg/kg for mannitol (18).

Sorbitol solution 70%, noncrystallizing sorbitol solution 70%, crystalline
sorbitol, and mannitol all have monographs in the United States Pharmacopoeia/
National Formulary (USP/NF), as well as the various pharmacopoeias around
the world (European, British, Japanese, etc.). Sorbitol and mannitol are also in-
cluded in the Food Chemical Codex (FCC).

VII. SUMMARY

Sorbitol and mannitol are naturally occurring sugar alcohols found in animals
and plants. They are present in small quantities in almost all vegetables. They
are widely used in specialty foods and pharmaceuticals. Sorbitol and mannitol
are important ingredients in sugar-free baked goods, candies, chewing gum, and
tablets. The sweet, cool taste of sorbitol and mannitol makes them useful for
many taste-masking or sweetening applications. Their unique moisture retention
properties make them useful in improving the shelf-life of food products. The
nonhygroscopic nature and chemical inertness of mannitol are attractive benefits
for pharmaceutical tablets. Sorbitol and mannitol have a wide variety of uses as
evidenced by the tremendous number of applications in which they are found.
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I. INTRODUCTION

Xylitol is a five-carbon polyol with a sweetness similar to sucrose (1,2). It is
found in small amounts in a variety of fruits and vegetables (3,4) and is formed
as a normal intermediate in the human body during glucose metabolism (5). Xyli-
tol has been shown to be of value in the prevention of dental caries because it is
not an effective substrate for plaque bacteria (6–10,23,24). Because of its largely
insulin-independent metabolic utilization, it may also be used as a sweetener in
the diabetic diet and as an energy source in parenteral nutrition (11–13). As a
sweetening agent, xylitol has been used in human food since the 1960s. Different
aspects of its applications, metabolic properties, and safety evaluation have been
the subject of several previous reviews (14–20). Its physicochemical properties
are summarized in Table 1.

II. PRODUCTION

Xylitol was first synthesized and described in 1891 by Emil Fischer and his asso-
ciate (21). On a commercial scale it is produced by chemical conversion of xylan
(22,25). Potential sources of xylan include birch wood and other hardwoods,
almond shells, straw, corn cobs, and by-products from the paper and pulp indus-
tries. The practical suitability of these raw materials depends, among other fac-
tors, on their xylan content, which may vary considerably, and the presence of
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Table 1 Some Physical and Chemical Properties of Xylitol

Formula C5H12O5 (molecular weight, 152.15)
Appearance White, crystalline powder
Odor None
Specific rotation Optically inactive
Melting range 92–96°C
Boiling point 216°C (760 mmHg)
Solubility at 20°C 169 g/100 g H2O; 63 g/100 g solution; spar-

ingly soluble in ethanol and methanol
pH in water (100 g/liter) 5–7
Density of solution 10%, 1.03 g/ml; 60%, 1.23 g/ml
Viscosity (20°C) 10%, 1.23 cP; 60%, 20.63 cP
Heat of solution �34.8 cal/g (endothermic)
Heat of combustion 16.96 kJ/g
Refractive index (25°C) 10%, 1.3471; 50%, 1.4132
Moisture absorption (4 days, 60% RH, 0.051% H2O, 92% RH, 90% H2O

RT)
Relative sweetness Equal to sucrose; greater than sorbitol and

mannitol
Stability Stable at 120°C, no caramelization; stable

also under usual conditions in food
processing; carmelization occurs if heated
for several minutes near the boiling point

cP � centipoise.
RH � relative humidity.
RT � room temperature.

by-products (e.g., poly- or oligosaccharides), which have to be removed during
the production process. In principle, the commercial synthesis of xylitol involves
four steps. The first step is the disintegration of natural xylan-rich material and
the hydrolysis of the recovered xylan to xylose. The second step is the isolation
of xylose from the hydrolysate by means of chromatographic processes to yield
a pure xylose solution. Third, xylose is hydrogenated to xylitol in the presence
of a nickel catalyst. Alternatively, hydrogenation of the impure xylose solution
may be conducted first, followed by purification of the xylitol syrup. Ultimately,
xylitol is crystallized in orthorhombic form (26).

The synthesis of xylitol by fermentativeor enzymatic processes is possible
in principle (27–30). However, such procedures have so far not been used on a
commercial scale. Other approaches to the synthesis of xylitol are of merely
scientific interest (31,32).

Xylitol is supplied commercially in crystalline, milled, and granulated
forms. Crystalline xylitol has a mean particle size of about 400 to 600 microns.
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Milled forms of xylitol range in mean particle sizes from approximately 50 to
200 microns. The granulated forms of xylitol are suitable for direct compression.

III. PROPERTIES AND APPLICATIONS

At present, xylitol is used as a sweetener mainly in noncariogenic confectionery
(chewing gum, candies, chocolates, gumdrops), and less frequently in dietetic
foods (food products for people with diabetes), in pharmaceutical preparations
(tablets, throat lozenges, multivitamin tablets, cough syrup), and in cosmetics
(toothpaste and mouthwash) (33–39). Xylitol is used at low levels in selected
low-calorie soft drink applications to improve product mouthfeel and sweetness
profile. In principle, the manufacture of various baked goods with xylitol is possi-
ble. However, if crust formation, caramelization, or nonenzymatic browning is
required, the addition of a reducing sugar is necessary. Because xylitol inhibits
the growth and fermentative activity of yeast, it is not a suitable sweetener for
products containing yeast as a leavening agent (40,41).

A. Sweetness

Xylitol is the sweetest polyol (Fig. 1) (42–46). At 10% solids (w/w) xylitol is
isosweet to sucrose, whereas at 20% solids (w/w) xylitol is about 20% sweeter

Figure 1 Relative sweetness of polyols.
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than sucrose (2). Combinations of xylitol and other polyols, such as sorbitol,
create significant sweetness synergisms.

B. The Cooling Effect

The heats of solution of crystalline polyols and sucrose are shown in Fig. 2. The
loss of heat when dissolving polyols in water is much greater than with sucrose.
Crystalline xylitol provides a significant cooling effect. This interesting organo-
leptic property is most notable in sugar-free chewing gum, compressed candies,
and chewable vitamins. The cooling effect enhances mint flavor perception, and
the presence of xylitol contributes a refreshing coolness.

A cooling effect is obviously not perceived from products in which xylitol
is already dissolved (e.g., toothpaste, mouth rinse) or in which it exists in an
amorphous form (jellies; boiled, transparent candies).

C. Solubility of Polyols

The solubility of a bulk sweetener has a critical impact on the mouthfeel and
texture of the final product. Bulk sweetener solubility also affects the release or
onset of flavor and sweetness perception and the release and bioavailability of
the active ingredients of pharmaceuticals. Table 2 shows the solubility of selected
polyols at 20°C. The solubility of xylitol is 2% higher than sucrose at body tem-
perature.

Figure 2 Cooling effect of polyols.
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Table 2 Solubility of Sugar Alcohols in
Water at 20°C

Sweetener Solubility (% w/w)

Sucrose 66
Xylitol 63
Sorbitol 75
Maltitol 62
Lactitol 55
Isomalt 28
Mannitol 18

D. Other Characteristics

The viscosity of polyol solutions depends on their molecular weight. Monosac-
charide alcohols such as sorbitol and xylitol have a relatively low viscosity,
whereas maltitol syrups with a high content of hydrogenated oligosaccharides
are fairly viscous.

Xylitol is chemically quite inert because of the lack of an active carbonyl
group. It cannot participate in browning reactions. This means that there is no
caramelization during heating, as is typical of sugars. Because xylitol does not
form Maillard reactants, it is ideally suited to use as an excipient in conjunction
with amino active ingredients.

E. The Use of Xylitol in Chewing Gum and Confectionery

Sugar-free chewing gum is the leading worldwide application of xylitol. Xylitol
is used to sweeten both stick and pellet (dragee) forms of chewing gum. In addi-
tion to the dental benefits attributed to it, xylitol provides a pleasant cooling effect
and a rapid onset of both sweetness and flavor. Because of its rapid drying and
crystallization character, xylitol is often used to coat pellet forms of sugar-free
chewing gum.

Sugar-free chewing gums usually contain mixtures of polyols and intense
sweeteners to ensure a satisfactory sweetness profile over time. Although a few
brands are sweetened solely with xylitol, most products contain less than 50%
xylitol. The use of xylitol-containing chewing gum in either stick or pellet form
as a between-meal supplement has been associated with improvements in oral
health. Among the reported benefits are reductions in plaque levels, plaque bacte-
ria levels, and caries increment (47–51).

Xylitol is commercially used in many countries either alone or in combina-
tion with other sugar substitutes in the manufacture of noncariogenic sugar-free
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or no sugar added confectionery. Although it is in principle possible to produce
gum arabic pastilles, chocolate, hard candies, ice cream fillings, and other confec-
tions with xylitol alone, other sugar substitutes are normally added to optimize
sweetness, texture, or shelf-life. Sugar-free pectin jellies, which are indistinguish-
able from conventional sugar/corn syrup jellies, can be produced with a combina-
tion of xylitol and hydrogenated starch hydrolysates. Crystalline xylitol, which
has an appearance similar to sucrose, is an excellent sugar-free sanding material
in conjunction with pectin jellies and other confection forms.

Xylitol can be used either with sorbitol or hydrogenated starch hydrolysate
to produce an exceptional sugar-free fondant. In each case, xylitol is applied as
the crystalline phase in the production. The resulting fondants exhibit a fine tex-
ture and a pleasant cooling effect.

IV. PHARMACEUTICAL AND ORAL
HYGIENE PREPARATIONS

Xylitol can be used as an excipient or as a sweetener in many pharmaceutical
preparations. As in foods, the advantages are suitability for diabetic patients,
noncariogenic properties, and nonfermentability. Cough syrups, tonics, and vita-
min preparations made with xylitol can neither ferment nor mold. Because xylitol
is chemically inert, it does not undergo Maillard reactions or react with other
excipients or active ingredients of pharmaceuticals. Xylitol-sweetened medica-
tions can be given to children at night after toothbrushing without any harm to
the teeth (38,52–56).

In tablets, xylitol can be used as a carrier and/or as a sweetener (57,58).
In addition to sweetness, nonreactivity, and microbial stability, xylitol offers the
advantages of high solubility at body temperature and a pleasing, cooling effect.
As a carrier, xylitol has also been tested in solid dispersions because of its low
melting point and stability up to 180°C. In these studies, it was found that solid
dispersions of hydrochlorothiazide or p-aminobenzoic acid with xylitol showed
a faster release than the micronized drugs (59,60). Milled xylitol may be granu-
lated and pressed into tablets after flavoring (50). Alternatively, directly com-
pressible grades of xylitol can be used to facilitate tablet production (61,62).
Coatings with xylitol or mixtures of xylitol and sorbitol (up to 20%) can be made
by conventional pan coating and by sintering the surface of compressed tablets
in a hot-air stream (63).

In toothpaste, xylitol may partially or completely replace sorbitol as a hu-
mectant. Because of its greater sweetness, xylitol improves the taste of the denti-
frice, and in the manufacture of transparent gels, it has been said to exhibit proper-
ties slightly superior to those of sorbitol. Furthermore, xylitol can enhance the
anticaries effect of a fluoride toothpaste. For example, the inclusion of 10% xyli-



Xylitol 341

tol in a fluoride toothpaste resulted in a 12% reduction in decayed/filled surfaces
after 3 years compared with a fluoride-only toothpaste (64). In addition, there is
evidence that xylitol exerts a plaque-reducing effect (65,66) and that it interferes
with bacterial metabolism particularly in the presence of fluoride and zinc ions
(67). An inhibitory effect on enamel demineralization has been postulated as well
(68,69). There is also evidence that use of a xylitol-containing dentifice can result
in a significant reduction of Streptococcus mutans in saliva (70). Because of its
overall favorable effects on dental health, xylitol has also been applied in other
oral care products, such as in mouth rinses and in artificial saliva (71–74).

V. METABOLISM

In principle, two different metabolic pathways are available for the use of xylitol:
(a) direct metabolism of absorbed xylitol in the mammalian organism, mainly in
the liver, or (b) indirect metabolism by means of fermentative degradation of
unabsorbed xylitol by the intestinal flora.

A. Indirect Metabolic Utilization

All polyols, including xylitol, are slowly absorbed from the digestive tract be-
cause their transport through the intestinal mucosa is not facilitated by a specific
transport system. Therefore, after ingestion of large amounts, only a certain pro-
portion of the ingested xylitol is absorbed and enters the hepatic metabolic system
through the portal vein blood. A comparatively larger amount of the ingested
xylitol reaches the distal parts of the gut, where extensive fermentation by the
intestinal flora takes place. Besides minor amounts of gas (H2, CH4, CO2), the
end-products of the bacterial metabolism of xylitol are mainly short-chain, vola-
tile fatty acids, (i.e., acetate, propionate, and butyrate) (75–77). These products
are subsequently absorbed from the gut and enter the mammalian metabolic path-
ways (78). Acetate and butyrate are efficiently taken up by the liver and used in
mitochondria for production of acetyl-CoA. Propionate is also almost quantita-
tively removed by the liver and yields propionyl-CoA (79–81).

The production of volatile fatty acids (VFA) is a normal process associated
with the consumption of polyols and dietary fibers (cellulose, hemicelluloses,
pectins, gums) for which hydrolyzing enzymes are lacking or poorly efficient in
the small intestine. Under normal conditions, most of the generated VFA are
absorbed from the gut and are further used by established metabolic pathways
in animals and man (77,82). For the energetic use of slowly digestible materials,
this fermentative, indirect route of metabolism plays an important role, and evi-
dence has been presented that, even under normal dietary conditions (i.e., in the
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absence of polyols), the contribution of intestinal fermentations to the overall
energy balance is significant (83,84).

B. Direct Metabolism Via the Glucuronic Acid–Pentose
Phosphate Shunt

In addition to the indirect route of use, a direct metabolic pathway is available
for the portion of xylitol that is absorbed unchanged from the gastrointestinal
tract (5,85,86).

The metabolism of xylitol and its general relationship to the carbohydrate
metabolism by means of the pentose phosphate pathway is shown in Fig. 3. This
scheme illustrates how the transformation of l-xylulose by way of xylitol to d-
xylulose links the oxidative branch of the glucuronate pentose phosphate pathway
with the nonoxidative branch, which yields glyceraldehyde-3-phosphate and fruc-
tose-6-phophate, as well as ribose-5-phosphate for ribonucleotide biosynthesis
(87–89). Thus, xylitol can be converted by means of the pentose phosphate path-
way to intermediates of the glycolytic pathway, which may either undergo further
degradation or transformation to glucose-1-phosphate, a precursor of glycogen
(5,85–87). Because gluconeogenesis from exogenous xylitol is associated with
the generation of NADH in the cytosol, reoxidation of cytosolic NADH is a
necessary step for xylitol use.

Figure 3 Metabolism of xylitol.
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The recognition of xylitol as a normal endogenous metabolite in humans
originates from observations in patients with a genetic abnormality, essential pen-
tosuria. These persons excrete considerable quantities of l-xylulose in the urine.
When incubated in tissue preparations, l-xylulose was found to be metabolized
to xylitol by a specific NADPH-linked enzyme, l-xylulose-reductase. This en-
zyme has subsequently been demonstrated to be deficient in essential pentosuria.
Because pentosuric patients excrete 2–15 g of l-xylulose per day, the daily pro-
duction of xylitol was estimated to be of a similar order of magnitude (5,90,91).

C. Estimation of the Caloric Value of Xylitol

If the caloric value of polyols is to be estimated on the basis of their metabolic
fate, precise knowledge about the different steps of their digestion and metabolic
use is required. In particular, it is, for example, essential to know (a) how much
of an ingested dose is absorbed directly from the gut, (b) by which pathways the
absorbed portion is metabolized in the human organism, (c) which proportion of
an ingested dose is fermented by the gut microflora, (d) to what extent the re-
sulting fermentation products are absorbed and metabolically used by the host,
and (e) how much of an ingested dose leaves the intestinal tract unchanged with
the feces or urine. Although the experimental database on xylitol does not allow
one to answer all these questions with sufficient precision, it is possible to obtain
reasonable estimates by extrapolation from existing data and studies on other
polyols that are also incompletely absorbed and are subject to the same fermen-
tative degradation in the gut.

On the basis of a thorough assessment of numerous in vitro and in vivo
experiments with xylitol and other polyols, it has been estimated that approxi-
mately one fourth of an ingested xylitol dose is absorbed from the gastrointestinal
tract (92). This portion of xylitol, which is effectively metabolized by means
of the glucuronate-pentose phosphate shunt, is energetically fully available and
provides about 4 kcal/g. The nonabsorbed three-fourths of the ingested load,
however, are almost completely fermented by the intestinal flora. Combining a
78% retention of energy in bacterial fermentation products and a growth yield
of 20 g bacteria per 100 g substrate, it has been estimated that about 42% of the
energy provided with unabsorbed xylitol is consumed by bacterial metabolism
and growth, whereas about 58% of the energy becomes available to the host after
absorption of the fermentation end-products (VFA) (93). This value is well in
line with an estimated 50% energy salvage proposed by a Dutch expert group
(94).

On the basis of these estimates, a metabolizable energy value of about 2.8–
2.9 kcal/g may be calculated for xylitol (92). This value is in line with the results
of an in vivo study in which xylitol was found to be about 60% as effective as
glucose in promoting growth (95).
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Besides laborious and expensive energy balance trials, only indirect calo-
rimetry allows one to determine the energetic use of substrates in humans. By
use of this noninvasive technique, the energetic use of xylitol was examined in
10 healthy volunteers (96). The results of this study revealed that, during a 2.5-
hour period, the cumulated increase in carbohydrate oxidation amounted to only
one fourth of that caused by glucose. The total increase in metabolic rate was
52% lower after the xylitol load than after the glucose treatment. This result
suggests that xylitol has a caloric value of only about 50% that of glucose. Con-
sidering, however, that the absorption (and hence metabolic use) of the bacterial
fermentation products may not have been complete within the 2.5-hour experi-
mental period, it is likely that the true caloric value for xylitol is somewhat higher
than the proposed 2 kcal/g. The net energy value of 2.4 kcal/g has been assigned
to xylitol by FASEB. The net energy is defined as that portion of gross energy
intake that is deposited or mobilized in the body to do physical, mental, and
metabolic work (92).

Food regulatory authorities are increasingly taking note of the reduced calo-
ric value of polyols, which is by now well supported by a still growing volume
of scientific literature. In the EU, a caloric value of 2.4 kcal/g has been allocated
for all polyols including xylitol (Council Directive No. 90/496/EEC of 24 Sep-
tember 1990 on nutrition labelling for foodstuffs (Off. J. European Communities
1990, 33 (L276), 42–46). On the basis of the 1994 FASEB review, the Food and
Drug Administration acknowledged the xylitol caloric value of 2.4 kcal/g (letter
to American Xyrofin Inc from FDA concerning use of a self-determinated energy-
value for xylitol; 1994).

VI. DENTAL BENEFITS

A. Caries Formation

According to current knowledge, dental caries is caused by bacteria that accumu-
late in large masses, known as dental plaque, on the teeth in the absence of
adequate oral hygiene. Fermentation of common dietary carbohydrates by plaque
bacteria leads to the formation of acid end-products. Acid accumulation and a
decrease in plaque pH will follow. A decrease in plaque pH caused by bacterial
fermentation of carbohydrates may lead to undersaturation of the plaque with
respect to calcium and phosphate ions, to demineralization of the tooth enamel,
and eventually to formation of a cavity.

Approaches aimed at the prevention or elimination of dental caries include
reduction of acid dissolution of tooth mineral and stimulation of enamel reminer-
alization by fluoride, removal of dental plaque by brushing the teeth, and reduc-



Xylitol 345

tion of the availability of fermentable carbohydrates by appropriate dietary habits
(97).

For obvious reasons, fermentable sugars cannot be completely eliminated
from our daily food supply. From the point of view of caries prevention, this is not
even necessary, because a number of studies have indicated that eating sucrose-
sweetened foods in moderation and with regular meals results in little or no caries
(98). On the other hand, experiments with rats, as well as some studies in humans,
indicate a strong relationship between the frequency of consumption of sucrose
between meals and caries activity (99,100). The reason for this observation is
that under conditions of frequent consumption of sugary snacks, the plaque pH
drops and remains below the critical value of 5.7 for prolonged periods of time
(101). As a result, periods with demineralization overwhelm the recovery phases,
and dental caries may subsequently develop. This suggest that substitution of
sucrose and other fermentable sugars by nonfermentable sugar substitutes has
considerable impact on caries activity, even if this substitution is limited to snacks
and beverages that are consumed between the main meals. Because of its noncari-
ogenic or even cariostatic properties, xylitol is a particularly suitable substance
for this purpose (51,102,103).

B. Acidogenicity

Considerable evidence documents the fact that xylitol is not fermented by most
oral microorganisms and that exposure of dental plaque to xylitol does not result
in a reduction of plaque pH (6,104–109). Even after chronic exposure for 2 years,
no adaptation occurred with respect to the ability of the dental plaque to ferment
xylitol (110,111).

The noncariogenicity of xylitol was demonstrated in several rat caries stud-
ies in which xylitol was fed in the absence of other readily fermentable dietary
sugars. Under these conditions, xylitol did not exhibit any cariogenic potential
(6,112). The cariostatic properties of xylitol were investigated in numerous stud-
ies in which rats received xylitol in admixture to a cariogenic, (i.e., sucrose-
containing diet). The results of these studies indicate that xylitol tends to reduce
the cariogenicity of such diets and that this effect is greater for moderately cario-
genic diets with �25% fermentable sugars than for diets containing �50% su-
crose (6,113–115). More pronounced and more consistent reductions of caries
formation were observed in rat studies in which xylitol was administered alter-
nately with sucrose-containing meals (i.e., between the cariogenic challenges)
(6,116–118). Under these conditions, which mimic the human meal pattern more
closely, the caries scores of the xylitol-treated animals were on average 35% less
than those of the corresponding controls. In one study it was even found that
xylitol may promote the remineralization of early caries lesions of rats (118,119).
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In summary, the results obtained in the rat model suggest that xylitol exhibits
cariostatic properties.

C. Efficacy of Xylitol in Human Caries Studies

The clinical benefit of xylitol for caries prevention has been demonstrated in
several studies with children and adult human volunteers in which consumption
of xylitol was consistently associated with a significant reduction of the caries
increment. In these studies, which were conducted by independent investigators
at different locations, the efficacy of xylitol was tested under carefully controlled
conditions with randomized assignment of the subjects to the different treatment
groups (120–124) and under the less standardized but ‘‘real-life’’–oriented con-
ditions of field studies involving large numbers of caries-prone children (125–
127). Regardless of the differences in study design, significant reductions of the
caries increment were observed in all xylitol-treated groups. Depending on the
dose (128) and frequency of the xylitol administration (129), this reduction varied
between 45 and �90%. The dental benefits attributed to xylitol have been shown
to extend beyond the study period. When subjects from a Finnish chewing gum
study (129) were evaluated up to 5 years after the initial study, subjects from the
xylitol group continued to demonstrate a reduction in caries rate compared with
the control group (130).

In a further study involving 10-year-old children, xylitol, xylitol/sorbitol,
and sorbitol-sweetened gums were evaluated in terms of caries risk and their
impact on remineralization. Although each chewing gum group exhibited a reduc-
tion in caries risk and an increase in remineralization, the xylitol group had a
significantly lower caries risk and higher remineralization than the other gum
groups (131–133). The results support the view that xylitol has an active antica-
ries effect above that of a mere sugar substitute (51).

It is particularly noteworthy that daily fluoride brushing plus xylitol con-
sumption was found to be more efficient than daily fluoride brushing alone (125–
128). Considering the different modes of the cariostatic action of fluoride and
xylitol, this is not surprising, but it is certainly relevant in terms of a most efficient
combination of caries preventive measures (102).

D. Discrimination Against Streptococcus mutans

Microbiological investigations in caries-active humans, as well as studies in ex-
perimental animals, have demonstrated that certain types of bacteria are particu-
larly active in initiating and promoting dental caries. Culprit number one in this
respect is Streptococcus mutans. This micro-organism has the ability to adhere
strongly to the crowns of the teeth by means of sticky extracellular glucans, to



Xylitol 347

grow and metabolize optimally in a relatively acidic environment, and to live
under microaerobic or strictly anaerobic conditions, as met in the depth of pits
and fissures (134–137).

Several studies have suggested that the predominance of S. mutans in cario-
genic plaque depends on the ability of this bacterium to remain metabolically
active even in a relatively acidic environment. In fact, S. mutans is more active
at pH 5 than at pH 7, whereas many other members of the plaque flora become
metabolically inactive under such conditions. This observation suggests that the
frequent ingestion of surcrose gives a competitive edge to S. mutans over the
other plaque microbes. In this way, a circulus vitiosus for the formation of a
more cariogenic plaque is formed (138–140).

In this regard, the use of xylitol as a sucrose substitute becomes an ex-
tremely attractive means to control and prevent dental caries for two different
reasons. First, no acid is formed from xylitol by the dental plaque. In fact, during
and after chewing of a xylitol-sweetened gum, an elevation rather than a decrease
of the plaque pH is observed (141,142). Under such conditions, however, the
metabolism of S. mutans is, as mentioned previously, not optimally active, and
other bacteria may successfully compete with S. mutans. Second, in addition
to this indirect, pH-mediated effect, xylitol appears to inhibit the growth and
metabolism of S. mutans in a more direct way. Several experiments have shown
that the addition of xylitol to a glucose-containing medium reduced the growth
of S. mutans (143–150). This inhibition by xylitol appears to be related to the
accumulation of xylitol-5-phosphate and xylulose-5-phosphate within the cells
(151–156). Probably as a result of the intracellular accumulation of these metabo-
lites, the ability of S. mutans to adhere to surfaces is decreased (157,158), and
disintegration of the ultrastructure of the cells may occur (159).

In line with these results, lower S. mutans counts were found in the plaque
and/or saliva of xylitol-treated human volunteers (160–166). These observations
suggest that the formation of xylitol-tolerant strains of S. mutans after chronic
xylitol exposure does not annihilate its inhibitory effect (167,168).

E. General Effects on Dental Plaque

Because dental plaque plays a crucial role in the formation of tooth decay, many
investigators have examined the effects of xylitol on dental plaque. It is well
established that frequent consumption of sucrose promotes the growth of a volu-
minous, sticky dental plaque. Xylitol is not a substrate for oral microorganisms,
and it therefore does not favor plaque formation. Consequently, studies compar-
ing the effects of sucrose and xylitol on dental plaque have demonstrated consis-
tently that the plaque weights are lower in the xylitol-treated subjects than in the
positive controls consuming sucrose (6). Studies suggest that xylitol inhibits the
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formation of insoluble glucans and lipoteichoic acid, two products of bacterial
metabolism that play an important role in the adhesion and cohesion of dental
plaque (143,157).

Chewing gums sweetened with xylitol or sorbitol have been investigated
regarding their impact on the formation of plaque. The results of these studies
suggest that chewing gums sweetened with xylitol have a greater impact on
plaque reduction (169,170).

F. Dental Endorsements and Claims

The dental benefits provided by xylitol have been recognized by a number of
dental associations.

VII. EVOLVING APPLICATIONS

New, beneficial and potentially existing applications of xylitol continue to be
either discovered or suggested. These new applications include the following.

1. The use of xylitol as a bulk satiety sweetener
2. The use of xylitol to reduce the potential occurrence of acute otitis

media

The effects of xylitol on gastric emptying and food intake when measured
in 10 healthy male volunteers suggests that ingestion of a 25 g xylitol preload
may be associated with an approximate 25% reduction of caloric intake during
a subsequent test meal (171). Other bulk sweeteners did not suppress caloric
intake when tested at the same 25 g level. The study suggests that xylitol could
be applied at efficacious levels in meal replacement or diet-supporting products
to facilitate weight reduction programs.

Acute otitis media, an infection of the middle ear, is a common illness that
affects a significant number of young children. During 1990, for example, an
estimated 24.5 million visits were made to office-based physicians in the United
States at which the principal diagnosis was otitis media. A study of the effect of
xylitol ingestion on acute otitis media with either a xylitol-sweetened chewing
gum, syrup, or lozenge, suggests that each xylitol-sweetened material has a posi-
tive influence in the reduction of acute otitis media occurrence. Reductions of
40%, 30%, and 20% were reported for the chewing gum, syrup, and lozenge,
respectively (172,173). The observed benefit is believed to be associated with
the ability of xylitol to reduce the growth of Streptococcus pneumonia and thus
minimize the attacks of acute otitis media caused by pneumococci (174).
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VIII. USE OF XYLITOL AS A SWEETENER IN DIABETIC DIETS

Historically, the first proposed application of xylitol concerned its use as a sugar
substitute for diabetic patients (175). Diabetes mellitus is a chronic metabolic
disorder characterized by fasting hyperglycemia and/or plasma glucose levels
above defined limits during oral glucose tolerance testing. It is caused either by
a total lack of insulin (type I, insulin-dependent diabetes mellitus) or by insulin
resistance in the presence of normal or even elevated plasma insulin levels (i.e.,
by a decreased tissue sensitivity or responsiveness to insulin [type II, non-insulin
dependent diabetes mellitus]).

The major goals of dietetic and drug-based management of diabetes melli-
tus are to achieve normal control of glucose metabolism and glycemia, and
thereby to prevent macro- and microvascular complications. The recommended
treatment modalities are dietary modification, increased physical activity, and
pharmacological intervention with either an oral hypoglycemic agent or insulin.

Modification of the diet is the most important element in the therapeutic
plan for diabetic patients, and for some patients with type II diabetes, it is the
only intervention needed to control the metabolic abnormalities associated with
the disease.

A specific goal of medical nutrition therapy for people with diabetes is the
maintenance of as near-normal blood glucose levels as possible. This includes
balancing food intake with either endogenous or exogenous or oral glucose-low-
ering medications and physical activity levels. It is the current position of the
American Diabetes Association that first priority be given to the total amount of
carbohydrates consumed rather than the source of the carbohydrate. According
to ADA, the calories and carbohydrate content of all nutritive sweeteners must
be taken into account in a meal plan and that all have the potential to affect blood
glucose levels. ADA recognizes, however, that polyols produce a lower glycemic
response than sucrose and other carbohydrates and have approximately 2 calories
per gram compared with 4 calories per gram from other carbohydrates (176).

Even an ‘‘ideal’’ diet plan is worthless if patients do not adhere to it. To
increase compliance, it seems therefore appropriate to use low glycemic or non-
glycemic sweeteners for the preparation of special diabetic products. Tradition-
ally, one may consider using nonnutritive, intense sweeteners for this purpose.
These compounds are noncaloric and have no deleterious effect on diabetic con-
trol. Undoubtedly, they are most useful for the sweetening of beverages (soft
drinks, coffee, tea). However, incorporation of nonnutritive sweeteners into solid
foods causes a major technological problem. In normal products, sucrose repre-
sents a considerable portion of bulk, and its replacement by nonnutritive sweeten-
ers in special products for diabetic patients requires the addition of bulking agents
(i.e., typically fat and/or starch). Because diabetic patients are predisposed to
macrovascular disease and are required to restrict their fat intake, products with
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increased fat content, although carbohydrate-modified, are not recommended.
The addition of starch, on the other hand, increases the glycemic index of the
food and eliminates the glycemic and caloric advantage that one hoped to achieve
by using an intense sweetener. To avoid these problems, bulk sugar substitutes
like fructose, sorbitol, and xylitol may be used as an appropriate alternative.
These sweeteners produce only a slight increase in blood glucose concentration
and require only small amounts of insulin for their metabolism in both healthy
and diabetic individuals.

The effects of xylitol on blood glucose and insulin levels and its general
suitability for inclusion in foods for diabetic patients have been examined in
several acute and subchronic studies with healthy and diabetic volunteers. When
xylitol is given orally, no increase in blood glucose levels is observed even in
diabetic patients (96,177–179). Similarly, plasma insulin concentrations do not
rise at all (177) or only moderately (96,180) after oral xylitol application in nor-
mal and diabetic subjects. These observations indicate that the conversion of
xylitol to glucose—which, in principle, is possible—is apparently too slow to
raise the blood glucose concentration to a significant extent.

In a recent study involving eight healthy nonobese men, it was observed
that ingestion of xylitol caused significantly lower increases in plasma glucose
and insulin concentrations compared with the ingestion of glucose. The glycemic
index of xylitol was determined to be 7 (181).

It has been suspected that the obvious advantage of xylitol in terms of blood
glucose and insulin requirement may disappear when it is incorporated into a
meal. Therefore, a study was conducted in which 30 g xylitol or sucrose was
substituted for an equal amount of starch in a meal of a diabetic diet regimen.
The results of this investigation demonstrate that the insulin requirement after
sucrose is significantly higher than after starch or xylitol (182).

In an early subchronic study, the application of 45–60 g/day of xylitol had
no adverse effects on the metabolic condition of 20 diabetic patients (175). These
results were confirmed in a subsequent study in which the effect of 30 g xylitol/
day on the carbohydrate and lipid metabolism of 12 well-controlled diabetic pa-
tients (type II) was examined for a duration of 2–6 weeks (183). The urinary
glucose excretion disappeared with the xylitol diet at least in some of the partici-
pating patients. The good tolerance of xylitol was also established in a study with
18 diabetic children (type I) who received 30 g/day of xylitol for 4 weeks (184).

Even at a dose of 70 g/day administered over a period of 6 weeks, xylitol
was well tolerated by type I and type II diabetic individuals and by healthy nondi-
abetic controls. Contrary to expectations, however, no significant differences
were noted in plasma glycosylated Hb, in fasting or postprandial glucose, and
in total urinary glucose (185). In conclusion, these investigations demonstrate
that xylitol can safely be incorporated as a sweetening agent in the diabetic diet
without any negative effects on their metabolic condition.
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IX. USE OF XYLITOL IN PARENTERAL NUTRITION

The aim of parenteral nutrition is to optimize fluid, energy, nitrogen, and electro-
lyte balance by the infusion of adequate solutions providing energy (e.g., glucose
or lipids), amino acids, and mineral salts (186,187). However, a stable metabolic
condition is often difficult to reestablish in severely injured patients because the
posttrauma metabolism may be seriously disturbed in various respects. In particu-
lar, the use of glucose, which is the body’s normal energy source, is often im-
paired, especially in patients with shock, severe trauma, burns, sepsis, and dia-
betes.

Under the conditions of such a general disturbance of metabolism and of
the hormone-regulated control mechanisms, insulin must be administered con-
comitantly with the glucose to ensure sufficient use of this energy source. How-
ever, this procedure requires careful regular monitoring of the blood glucose lev-
els to avoid severe complications. In addition, the infusion of glucose in excess
of 0.12–0.24 g/kg/hr may be generally questioned because higher infusion rates
lead neither to a further suppression of the endogenous gluconeogenesis at the
expense of physiologically important proteins nor to an increase of the peripheral
glucose use (188). Because with this recommended maximum rate of glucose
infusion, the energy requirement of the injured or stressed organism is not com-
pletely covered, the infusion of fructose and xylitol in addition to glucose has
been advocated (12,13,189,190). In several studies, the positive influence of such
infusion regimens on nitrogen balance and visceral protein synthesis has been
demonstrated in stressed or post-trauma patients (13,189), as well as in an animal
model (190). However, these effects were not always reproducible (191,192).

More recently, it has been proposed to supplement lipid emulsions with
xylitol. In this combination, xylitol is preferred over glucose because it only mar-
ginally stimulates insulin secretion and therefore does not suppress lipolysis, as
demonstrated by a positive adenosine triphosphate (ATP) balance. In this way,
xylitol could improve the metabolic situation (193,194).

At present, xylitol is used mainly as a glucose substitute in parenteral amino
acid solutions, as well as in combination with fructose and glucose in so-called
trisugar solutions. These products are frequently applied, particularly in Ger-
many. Solutions of xylitol alone are nowadays rarely used, except in Japan.

Most clinical investigations on the use of xylitol in parenteral solutions
have concentrated on the general energetic and amino acid–sparing effects. Other
potentially beneficial, metabolic effects have not yet been explored in detail. Be-
cause xylitol is metabolized by way of the pentose phosphate pathway, it is con-
ceivable that the levels of phosphorylated nucleotides (ATP) might be enhanced.
This could be relevant in reperfused myocardial tissue, as has been suggested by
studies with ribose, which is subject to the same catabolic pathway (195–197).
Other potential advantageous effects include an increase of the 2,3-diphosphog-
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lycerate levels and a NADH-mediated reduction of oxidized glutathione in eryth-
rocytes (198–202). This latter effect may be particularly relevant in the tens of
millions of people that are affected by different degrees of glucose-6-phosphate
dehydrogenase deficiency, which as such causes little concern but which predis-
poses to radical-induced pathology under certain conditions (drug therapy, sepsis,
shock). Whether a reported effective treatment of cardiac arrhythmias with xylitol
is also related to a shift to a more reduced status is not known (203,204).

Although a large number of studies indicate the absence of adverse side
effects with parenteral xylitol administration, some authors advise against the use
of xylitol because of the possibility of increased serum lactic acid, uric acid,
and bilirubin concentrations (205,206) and because of the possible deposition of
calcium oxalate crystals in the kidney and in the brain (207–210). However,
regarding the occurrence of renocerebral oxalosis in association with xylitol infu-
sions, it is noteworthy that in most of these cases the recommended maximum
daily dose and/or infusion rate was surpassed. If xylitol is infused at recom-
mended rates (�0.25 g/kg/hr and �3g/kg/day) (211) and in combination with
glucose and fructose, such complications are not likely to occur more frequently
than in patients not treated with xylitol (212–214). In general, no adverse side
effects are observed if these recommendations are observed. Contrary to fructose,
sorbitol, and glucose, a metabolic intolerance to xylitol is not known.

X. TOXICITY AND TOLERANCE

The results of animal tests for acute toxicity have indicated that xylitol is of very
low toxicity by all routes of administration. Conventional tests for embryotoxicity
and teratogenicity and for adverse effects on reproduction have given entirely
negative results. Similarly, both in vitro and in vivo tests for mutagenicity and
clastogenicity have given uniformly negative results (215).

Long-term studies in animals for safety evaluation have included 2-year
treatment of rats, mice, and dogs. In these studies, xylitol was tested at a maxi-
mum dose level of 20% of the diet. Although the findings of these animal studies
generally supported the safety of oral xylitol, some observations required further
investigation. These observations were urinary tract calculi in mice and a slight
increase in the incidence of adrenal medullary pheochromocytomas in male rats
(216).

The results of subsequent studies and additional data from experiments with
other polyols and lactose demonstrated, however, that the adverse effects ob-
served in mice and rats are generic in nature and lack significance for safety
evaluation in humans because of the species specificity of the underlying mecha-
nisms (19,20,217–220).
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Human tolerance of high oral doses of xylitol has been investigated in
numerous studies with healthy and diabetic volunteers. The results of these stud-
ies invariably demonstrate the good tolerance even of extremely high intakes (up
to 200 g/day) of xylitol. Adverse changes of clinical parameters were not ob-
served. The only side effect that was occasionally noted was transient laxation
and gastrointestinal discomfort (16,215,221–224). Such effects are generally ob-
served after consumption of high doses of polyols and slowly digestible carbohy-
drates (e.g., lactose). The slow absorption of these compounds from the gut and
the resulting osmotic imbalance are considered to be the cause of these effects,
which are readily reversible on cessation or reduction of the amounts consumed.
With continued exposure, tolerance usually develops (225,226).

XI. REGULATORY STATUS

On a supranational level, the Joint FAO/WHO Expert Committee on Food Addi-
tives (JECFA) has allocated an acceptable daily intake (ADI) ‘‘not specified,’’
the most favorable ADI possible, for xylitol (227) and the Scientific Committee
for Food for the European Economic Community (EEC) proposed ‘‘acceptance’’
of this polyol in 1984. On a national level, xylitol is approved for foods, cosmet-
ics, and pharmaceuticals in many countries. Claims such as ‘‘noncariogenic’’ or
‘‘safe for teeth’’ may be applied where permitted.
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Konzentration von 2,3-Diphosphoglyzerat im Konservenblut durch Zusatz von
Xylit. Dtsch Ges Wesen 28:1805–1810, 1973.

199. S Vora. Metabolic manipulation of key glycolytic enzymes: A novel proposal for
the maintenance of red cell 2,3-DPG and ATP levels during storage. Biomed Bio-
chim Acta 46:285–289, 1987.

200. T Asakura, K Adachi, H Yoshikawa. Reduction of oxidized glutathione by xylitol.
J Biochem 67:731–733, 1970.



364 Olinger and Pepper
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I. INTRODUCTION

Crystalline fructose first became widely available for industrial food and pharma-
ceutical applications nearly 25 years ago. It is physically and functionally distinct
from other carbohydrates in solubility, freezing point depression, boiling point
elevation, water activity, osmotic pressure, Maillard browning and flavor devel-
opment, flavor enhancement, starch synergy, and metabolism. Most important
are its high relative sweetness, unique sweetness intensity profile, and synergy
with other sweeteners.

Students of organic chemistry learn very early that sucrose is a disaccharide
that can be readily hydrolyzed (inverted) to provide equimolar amounts of two
monosaccharides, fructose and dextrose. Although it would seem simple to obtain
both fructose and dextrose from the inversion of sucrose, it was only in the mid-
1970s that sucrochemical advances enabled commercial quantities of pure fruc-
tose to become available in the United States.

It was certainly not the case that food scientists and members of the medical
profession were unaware of the increased sweetening power and unique meta-
bolic properties of pure fructose. However, it made little sense to expend research
resources to formulate foods and diets that used crystalline fructose without assur-
ance that bulk industrial quantities (i.e., truckloads and railcars) would be avail-
able. The late 1980s and early 1990s saw the convergence of a plentiful raw
material, proven refining technologies, economies of scale, and reduced prices
that ensured the integration of crystalline fructose into mainstream food and bev-
erage applications.

367
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II. MANUFACTURE OF CRYSTALLINE FRUCTOSE

Producers have tested many processes and raw materials, seeking an economical
manufacturing process for crystalline fructose. In the 1960s, Finnish, French,
and German manufacturers, expanding on the pioneering work of the Frenchman
Dubrufant (circa 1850), began producing industrial quantities of crystalline fruc-
tose from sucrose. Their processes involved the straightforward hydrolysis of
sucrose with release of the simple sugars fructose and dextrose. However, the
subsequent separation of the sugars by ion-exclusion chromatography and isola-
tion of the fructose by carefully controlled crystallization extended the total man-
ufacturing time impracticably to more than a week.

The use of inulin—a polyfructose storage polymer isolated from tuberous
plants such as dahlias, Jerusalem artichokes, and the Hawaiian Ti plant—has also
been examined as a raw material for fructose production. Through the controlled
hydrolysis of inulin’s β (2 → 1) fructosidic linkages, fructofuranose units are
freed and converted to the more stable fructopyranose anomer. Despite repeated
attempts, however, inulin processes have never been developed to produce crys-
talline fructose at competitive prices or in quantities required for ingredient use
in the food industry.

As the worldwide demand for fructose grew, the need to increase capacity,
find cheaper raw materials, and develop less energy-intensive processes became
critical. In 1981, the world’s first facility for making crystalline fructose from
corn came on stream in Thomson, Illinois. American Xyrofin used liquid dextrose
derived from cornstarch as the starting material. Finnish refining technology was
used to produce a particularly high-quality crystalline fructose with production
time reduced to about 5 days.

The solubility of fructose in methanol or ethanol is very low—approxi-
mately 0.07 g per gram of alcohol—compared with water at 4 g per gram of
water. For this reason alcohol became the solvent of choice for many early Euro-
pean crystallization processes. However, removal and recovery of the alcohol,
coupled with disposal of mixed waste streams, has caused alcohol crystallization
to largely fall out of favor.

Finnish manufacturers were among the first to experiment with aqueous
crystallization. Although aqueous crystallizations are the most successful pro-
cesses in use today, the Finns and their successors have learned that these
processes hold unique challenges beyond the high solubility of fructose in
water. Unfavorable crystallization conditions result in the formation of fructose-
hemihydrate and fructose-dihydrate crystalline forms, which are more hygro-
scopic (moisture absorbing), deliquesce in humid environments, and melt at lower
temperatures than pure fructose. Difructose dianhydrides also form under certain
crystallization conditions, reducing yields and altering physical properties of the
crystalline product.
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Table 1 Typical Physical Properties

Appearance White crystalline powder, forming
anhydrous needle-shaped crystals

Empirical formula C6H12O6

Molecular weight 180.16
Melting point 102°–105°C
Density 1.60 g/cm3

Bulk density (loose) 0.8 g/cm3

Caloric value 3.7 cal/g
Loss on drying (70°C for 4 hr in vacuum Less than 0.2%

oven)
Residue on ignition Less than 0.5%
Heavy metals Less than 5 ppm
Arsenic Less than 1 ppm
Chloride Less than 0.018%
Sulfate Less than 0.025%
Calcium and magnesium Less than 0.005%
Hydroxymethylfurfural Less than 50 ppm
Glucose Less than 0.1%
Assay (dry basis) 98.0–102.0%
pH in aqueous solution (1 g/10 ml) 5.0–7.0

State-of-the-art instrumentation is now available to permit rapid, precise measurements of fructose
purity utilizing liquid chromatography. The reader is referred to the Sweetener Group of A. E. Staley
Manufacturing Company of Decatur, IL, for this methodology.

Over time, the following general processing scheme has emerged for the
successful manufacture of crystalline fructose (1):

1. Preparation of concentrated fructose feed; generally HFCS with �90%
fructose and �90% solids

2. Seeding with anhydrous crystalline fructose or undried crystals
3. Crystallization by means of batch or continuous process, and aqueous,

alcohol, or aqueous alcohol solvents
4. Centrifugation and washing of crystals to remove surface impurities
5. Drying by means of fluidized bed, tray, rotary, box, or belt particulate

dryer
6. Crystal conditioning
7. Screening
8. Packaging

The Finnish company, Suomen Sakeri Osakeyhtio, received one of the first
U. S. patents issued for an aqueous process in 1975 (2). Subsequent patents de-
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scribe improved processes for fructose concentration under atmospheric or
reduced-pressure conditions; seeding to initiate crystallization; cooling to allow
for crystal growth; crystal washing and drying steps; and batch and continuous
processes with computer-controlled crystallization cycles (1). Table 1 shows the
composition of a typical lot of fructose produced to United States Pharmacopoeia
and Food Chemicals Codex specifications.

III. EXISTENCE IN NATURE

Fructose, levulose, and fruit sugar are synonyms for this sweetest of all naturally
occurring sugars. Fructose is the chief constituent in honey, historically the most
available form of naturally occurring fructose that ‘‘until the end of the Middle
Ages . . . was everywhere the sweetener par excellence’’ (3). The earliest recorded
mentions of sweet-tasting substances reference honey thousands of years be-
fore its principal component was isolated and characterized as fructose. Honey-
sweetened foods were popular in Rome, where honey was referred to as ‘‘chief
among all sweet things.’’ Biblical references to honey are found throughout both
the Old and New Testaments. Although no single list of constituents can define
the wide variety of honeys harvested worldwide, Table 2 gives representative
values approximating those found in most commercial honeys.

The characterization of fructose as ‘‘fruit sugar’’ stems from its significant
presence in fruits and berries. Table 3 shows the percentages of fructose in a
variety of fruits, based on the entire fruit and in relation to the total fruit solids
(4).

IV. PHYSICAL AND FUNCTIONAL PROPERTIES

Fructose possesses physical and functional properties that distinguish it from su-
crose, dextrose, corn syrups, starches, high-intensity sweeteners, and the myriad
other ingredients used in food formulation. The following discussion reviews

Table 2 Constituents of Honey

Fructose 40%
Glucose 35%
Water 18%
Other saccharides 4%
Other substances 3%
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Table 3 Fructose Contents of Fruits

Percent Percent fructose in
Fruit fructose in fruit total solids

Apple 6.04 37.8
Blackberry 2.15 14.1
Blueberry 3.82 24.0
Currant 3.68 20.8
Gooseberry 3.90 26.3
Grape 7.84 41.0
Pear 6.77 49.9
Raspberry 4.84 17.2
Sweet cherry 7.38 32.9
Strawberry 2.40 25.4

these unique differences. ‘‘Practical Applications of Crystalline Fructose,’’ found
later in this chapter, illustrates ways in which these properties may be used to
advantage in food products.

A. Relative Sweetness

The functional property that most distinguishes fructose from other nutritive car-
bohydrates is its high relative sweetness. Relative sweetness is a subjective com-
parison of the peak organoleptic perception of sweetness of a substance, usually
in relation to a sucrose reference. Reported relative sweetness values fall in the
range of 1.8 times that of sucrose for crystalline fructose and 1.2 times that of
sucrose for liquid fructose (5). However, it must be emphasized that the relative
sweetness of fructose depends on the anomeric state of fructose at the time the
sweetness comparison is made.

Only the sweetest, β-d-fructopyranose, anomer exists in crystalline fruc-
tose. Fructose rapidly mutarotates on dissolution in water, forming three addi-
tional tautomers possessing lower sweetness (6). The extent of mutarotation can
be determined using optical rotation, gas-liquid chromatography, and nuclear
magnetic resonance (NMR). These techniques have been used to determine that
at 22°C the tautomeric equilibrium concentrations of 20% solids fructose in D2O
are as illustrated in Fig. 1 (7).

Temperature, pH, concentration of the solution, and presence of other
sweeteners are factors that most influence sweetness intensity. Of these, only
temperature exerts a significant effect on the mutarotational behavior of fructose
in solution and on the transformation from the sweetest β-d-fructopyranose form
to an equilibrium state in which less sweet tautomeric forms are present (6, 8).
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Figure 1 Cyclic tautomers of fructose. (From Ref. 7.)

NMR measurements at different temperatures demonstrate that the change in
relative sweetness is directly related to the shift in tautomeric equilibrium as
temperature is increased, as illustrated in Table 4 (9). On the basis of the correla-
tion between fructose sweetness and mutarotational behavior, Shallenberger de-
duced that the furanoses are nearly devoid of sweet taste (6). Although this deduc-
tion is based primarily on conformational considerations, it is evident that an
increase in the furanose anomer at the expense of the pyranose form will cause
a reduction in perceived sweetness.
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Table 4 The Tautomeric Equilibrium of Fructose at Different Temperatures

α-D-Fructo- β-D-Fructo- β-D-Fructo-
Temperature furanose furanose pyranose
(°C) (%) (%) (%)

20 7 24 69
40 7 31 62
60 9 33 58
80 11 38 51

In practice, the degree of sweetness loss caused by this partial change to
other, less sweet furanose tautomers can be minimized through the use of cold
solutions and slightly acid conditions. Experience has shown that citrus-flavored
beverage bases, sweetened with pure crystalline fructose and containing the usual
amounts of acidulents, can realize a reduction of up to 50% of usual sweetener
calories. Conversely, one of the least efficient uses of fructose is in hot coffee,
in which mutarotation to furanose forms diminishes sweetness to the point that
fructose is isosweet with sucrose. One further note in regard to fructose sweeten-
ers is that the equilibrium state of the anomers is determined by the temperature
at the time of consumption. Thus, cakes made with pure crystalline fructose will
taste sweeter after they have been allowed to cool than they will if tasted just
out of the oven.

B. Sweetness Intensity Profile and Flavor Enhancement

The sweetness of fructose is perceived more quickly, peaks more sharply and
with greater intensity, and dissipates sooner from the palate than either sucrose
or dextrose. It is this early sweetness intensity profile that accounts for the flavor
enhancement so often observed in fructose formulations. Many fruit, spice, and
acid flavors come through with greater clarity and identity after the sweetness
of fructose has dissipated; they are not masked by the lingering sweetness of
sucrose. The use of fructose thus makes possible the formulation of a more fla-
vorful product or, alternatively, offers an opportunity for cost savings through
lower flavor use.

C. Sweetness Synergy

Fructose exhibits sweetness synergy when used in combination with other caloric
or high-intensity sweeteners. The relative sweetness of fructose blended with
sucrose, aspartame, saccharin, or sucralose is perceived to be greater than the
sweetness calculated from individual components in the blend (10–13).
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When aspartame received clearance for use in food products in 1981, it
became the task of food scientists to determine precisely how to use this sugar
substitute. Contrary to oft-expressed opinion, aspartame does not exhibit a sweet-
ness profile exactly identical to that of sucrose. Some subtle organoleptic differ-
ences can be perceived, with the significance of these differences being dependent
on the specific conditions under which the aspartame is used. Hyvonen in Finland
(14) and Johnson in the United States (15) discovered that combinations of aspar-
tame and crystalline fructose could be used to achieve a synergistic sweetening
effect and to minimize any lingering, nonsweet flavors of aspartame.

Thus, the sweetness synergy between fructose and other sweeteners offers
formulators the choice of accepting finished products with greater sweetness or
reducing sweetener levels and accepting ingredient cost savings. Blending fruc-
tose with reduced levels of high-intensity sweeteners has the added benefit of
eliminating their bitter, metallic, or lingering aftertastes that are disagreeable to
some consumers.

D. Colligative Properties

Fructose is a monosaccharide molecule with very different colligative properties
than dextrose, another monosaccharide, or sucrose, a disaccharide. Colligative
properties are those physical properties that depend solely on the concentration
of particles in the specific system of interest. The concentration of particles, in
turn, depends on the solubility and molecular weight of the particles.

The solubility of fructose, sucrose, and dextrose versus temperature is illus-
trated in Fig. 2. Fructose is more soluble at all temperatures than either sucrose
or dextrose. Because it is half the molecular weight of sucrose and possesses
greater solubility, it is easy to understand how the concentration of particles and
concomitant colligative properties are accentuated with fructose.

Osmotic pressure, water activity, and freezing point depression are three
colligative properties that are accentuated with fructose. Fructose creates higher
osmotic pressure and lower water activity than sucrose, dextrose, or higher sac-
charides, resulting in greater product microbial stability. Fructose depresses the
freezing point more than sucrose. When used in dairy desserts (both soft-serve
and hard-frozen), the tendency of fructose to depress the freezing point can be
countered with the addition of higher molecular weight corn sweeteners, gums,
or stabilizers. The depressed freezing point is actually an asset when fructose is
substituted for sucrose in frozen juice concentrates.

E. Hygroscopicity and Humectancy

Fructose is quicker to absorb moisture (hygroscopicity) and slower to release it
to the environment (humectancy) than sucrose, dextrose, or other nutritive sweet-
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Figure 2 Solubility of sucrose, dextrose, and fructose at different temperatures.

eners. At approximately 55% relative humidity (RH), fructose begins absorbing
moisture from the environment; sucrose does not absorb appreciable moisture
until the RH exceeds 65%.

Although the ‘‘yin’’ of fructose hygroscopicity can present challenges in
ingredient handling and storage (see later), the ‘‘yang’’ of fructose humectancy
is a valuable functional attribute. Fructose is useful in sustaining product moist-
ness at low RH, retarding sweetener recrystallization at high sweetener solids,
delaying product staling, improving product eating qualities, and prolonging
product shelf-life.

F. Browning and Flavor Development

Fructose is a reducing sugar—sucrose is not. If conditions of temperature and
pH are favorable, reducing sugars can undergo a series of chemical condensation
and degradation reactions with proteins and amino acids that produce flavored
compounds and are responsible for product browning. In baked goods, the golden
crust and delectable flavors and aromas of breads and cakes are the highly antici-
pated fruits of reducing sugars like fructose. If taken to extreme, however, this
valuable attribute can result in surface burning and the development of undesir-
able off-flavors.

It should be noted that sucrose, a nonreducing sugar, may only significantly
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Table 5 Temperature Range for Loss of Birefringence by Starch in Bleached
Commercial Cake Flour in Several Sugar Solutions and % Loss Birefringence

Sucrose Glucose Fructose
Sugar
Solutions 2% 50% 98% 2% 50% 98% 2% 50% 98%
(% w/w) (°C) (°C) (°C) (°C) (°C) (°C) (°C) (°C) (°C)

None 55 58.5 62.5 55 58.5 62.5 55 58.5 62.5
10 58 61 65 58.5 61 64.5
20 59 63.5 69.5 61 64 67.5 59 63 67
30 66 70 74 66 68 72
40 73 76 79 68.5 73 76 67 71 74
50 82 84 87 77 79 83
57 90 91.5 94 82 84 86.5 78 80 83
60 93.5 94.5 96.5 85 86.5 90.0 81 83 85
62 88 89.5 91.5 84 86 88.5
65 98 101 104 90 91.5 94 85 87 90
70 104.5 106 Boiled 95 97.5 100.5 89 91 94.5
73 91.5 94.5 97
80 99 103 105

contribute to browning and flavor development after inversion to its constituent
reducing sugars, fructose and dextrose.

G. Starch-Fructose Synergy

It has been observed that the gelatinization of starch in heated foods is altered
in the presence of carbohydrates. Carbohydrate sweeteners delay gelatinization
of the starch or cause the starch to gelatinize at a higher temperature. Bean et
al. (16) tabulated differences in the loss of birefringence in three different sugars
over a range of concentrations and temperatures (Table 5). In a comparison of
the effects of fructose versus sucrose, White and Lauer used differential scanning
calorimetry to demonstrate that fructose causes starch to gelatinize at a lower
temperature than sucrose (17). The delay in starch gelatinization appears to be
due to the change in water mobility induced by the starch-fructose combination.
Practical implications of substituting fructose for sucrose in heated starch systems
will be discussed later.

V. METABOLISM OF FRUCTOSE

For a comprehensive examination of fructose intake and metabolism, readers are
referred to the highly regarded monograph edited by Forbes and Bowman (18).
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A. Absorption

Fructose in the diet occurs either bound covalently to dextrose in the disaccharide,
sucrose, or as the free monosaccharide. Free monosaccharide fructose can origi-
nate from dietary fruits and berries or from sweeteners like honey, high fructose
corn syrup, and crystalline or liquid fructose. Ingested sucrose is hydrolyzed to
fructose and glucose by sucrase enzymes associated with the brush border of the
intestinal epithelium. The resulting monosaccharides are immediately transported
through the brush border membrane by the disaccharidase-related transport sys-
tem, without being released to the lumen (19). Free dietary glucose is transported
through the brush border membrane by one or more specific carrier systems. It
is generally considered that fructose is absorbed across the intestinal mucosa of
humans by facilitated diffusion.

Riby et al (20) reported that the capacity for fructose absorption is small
compared with sucrose and glucose. They found that the simultaneous ingestion
of glucose could prevent fructose malabsorption by increasing intestinal absorp-
tive capacity for fructose. This suggests that the pair of monosaccharides might
be absorbed by the disaccharidase-related transport system as if they were prod-
ucts of the enzymatic hydrolysis of sucrose. The human intestinal capacity for
fructose absorption in the absence of glucose appears to vary significantly from
one individual to another. It is important to note U. S. dietary consumption data,
which indicate that typical glucose/fructose ratios are more than adequate to sup-
port fructose absorption in the general population (21). Those individuals who
experience symptoms of malabsorption are advised to avoid consumption of
products in which fructose is the sole carbohydrate (20).

B. Metabolism

All dietary fructose is absorbed and transported by the intestinal epithelium into
the hepatic portal vein. The active hepatic enzyme system for metabolizing fruc-
tose efficiently extracts this sugar into the liver, leaving relatively low fructose
concentrations in systemic blood vessels (22). Significantly, its entry into liver
cells and subsequent phosphorylation by fructokinase is insulin independent (23).
After cleavage by liver aldolase, the resulting trioses can be used for gluconeo-
genesis and glycogenesis or the synthesis of triglycerides, or they can enter the
glycolytic pathway. The ultimate fate of these trioses depends on the metabolic
state of the individual. Figure 3 illustrates the pathways involved in fructose
metabolism.

C. Fructose and Diabetes

Studies by Crapo, Kolterman, and Olefsky in the early 1980s showed that acute
administration of fructose results in lower glycemic and insulin responses in nor-
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Figure 3 Metabolic pathways of fructose in the liver.



Crystalline Fructose 379

mal subjects, individuals with impaired glucose tolerance, and patients with non-
insulin-dependent diabetes mellitus (24). Figures 4 and 5 illustrate these compara-
tive effects.

Increased awareness of the harmful side effects of diabetes and the neces-
sity for keeping blood sugar levels of diabetic patients close to normal without
inducing severe hypoglycemia have led diabetologists and food technologists to
renew investigations into the use of fructose as a preferred sweetener for diabetic

Figure 4 Comparison of glucose, insulin, and glucagon responses to oral sucrose versus
oral fructose (OSTT � oral sucrose tolerance test; OFTT � oral fructose tolerance test).
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Figure 5 Comparison of glucose, insulin, glucagon responses to oral glucose versus
oral fructose (OGTT � oral glucose tolerance test; OFTT � oral fructose tolerance test).
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individuals (25). Short-term studies have now shown that substitution of fructose
for sucrose in the diets of individuals with diabetes improves glycemic control;
long-term effects are still inconclusive (26).

D. Food Intake

To test the effect of fructose on appetite, Moyer and Rodin fed subjects a pudding
meal containing a test sugar (fructose or dextrose), milk protein, and lipid. Sub-
jects were subsequently offered unrestricted access to a buffet meal and food
choices were recorded. When the pudding was sweetened solely with fructose,
subjects consumed significantly less energy in the buffet meal than when it was
sweetened with glucose. When pudding was sweetened with more than one test
sugar, however, responses to fructose and dextrose did not differ significantly.
Thus, fructose shows promise in controlling food intake when used as the sole
carbohydrate sweetener in a meal (27).

E. Physical Performance

Athletes have long used dietary supplements in an effort to sustain peak physical
performance. Although much of the data concerning fructose supplementation is
contradictory, fructose feeding before or during exercise can enhance perfor-
mance under certain conditions. Fructose intake before exercise appears to spare
muscle glycogen by elevating liver glycogen, thereby prolonging activity. In ad-
dition, good evidence suggests that the addition of fructose supplementation dur-
ing ultraendurance events can improve performance by 126% (28). As indicated
earlier, gastrointestinal discomfort created by intake of large amounts of fructose
in the absence of glucose can hinder athletic performance. Because absorption
capacity varies widely in the general population, the benefits of fructose will also
vary from one athlete to another. Future research will refine the role fructose can
play in enhancing athletic performance.

F. Glycemic Effect

Jenkins et al. determined the effect of 62 commonly eaten foods and sugars fed
to groups of human volunteer subjects. They constructed a glycemic index, de-
fined as ‘‘the area under the blood glucose response curve for each food expressed
as a percentage of the area after taking the same amount of carbohydrate as
glucose’’ (29). Table 6 reports the glycemic index for several sweeteners and
foods relative to glucose, which is assigned a value of 100.

These glycemic values suggest that simple diabetic carbohydrate exchanges
based on carbohydrate content may not, in fact, be an accurate predictor of physi-
ological response. A clinical comparison of orally administered fructose, sucrose,
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Table 6 Glycemic Index

Glucose 100
Sucrose 59 � 10
Fructose 20 � 5
Maltose 105 � 12
Apples 39 � 3
Raisins 64 � 11
White bread 69 � 5

Source: From Ref. 17.

and glucose in subjects with reactive hypoglycemia was reported in Diabetes
Care (30). The investigators determined that the use of 100-g loads of pure fruc-
tose as the sweetener in cakes and beverages or by itself resulted in a significantly
reduced glycemic effect, as indicated by markedly less severe glucose and insulin
responses. The authors concluded, ‘‘fructose may thus prove useful as a sweeten-
ing agent in the dietary treatment of selected patients with reactive hypogly-
cemia.’’

VI. PRACTICAL APPLICATIONS OF
CRYSTALLINE FRUCTOSE

Crystalline fructose was first promoted as a nutritionally beneficial sweetener by
virtue of its unique metabolic disposition in the body. Early product formulations
targeting diet and health-conscious consumers included powdered diet and sports
beverages, nutritional candy bars, and specialty diabetic and dietetic food items.
Breakthrough technology to crystallize fructose from HFCS feedstock was imple-
mented in the mid-1980s, enabling large-scale and low-cost fructose production.
Only then did formulation scientists attempt to integrate crystalline fructose into
high-volume, mainstream food products.

Providing incentive to alert food scientists looking for applications for crys-
talline fructose was a new class of dietetic foods defined by the U. S. Food and
Drug Administration. Products in this class could be labeled ‘‘reduced calorie’’
if they contained at least twenty-five percent fewer calories than their full-calorie
counterpart (31). Crystalline fructose was immediately recognized as a critical
ingredient in achieving the necessary reduction in sweetener calories (32). Substi-
tuting crystalline fructose for other sweeteners in existing formulas is not simply
a case of plugging in a factor to determine the quantity of fructose required.
Considerable food technology expertise is required to formulate reduced-calorie
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products because unwanted texture and body changes arise, in many instances,
from the reduction in sweetener solids.

The availability of a new dry sweetener alternative to sucrose that combined
high relative sweetness, dry physical form, and unique functional properties coin-
cided with emerging opportunities to formulate food products for new regulatory
classes. This collision of tool with opportunity provided all the impetus food
scientists needed to formulate crystalline fructose into many food and beverage
categories, the benefits of which follow.

A. Dry Mix Beverages, Puddings, and Gelatins

• Reduced sweetener content and concomitant lower calories are possible
because of the intense sweetness and dry form of crystalline fructose.

• Fruit flavors are beneficially enhanced, permitting reduced levels of
these expensive ingredients.

• Fructose-starch synergy sets puddings in about half the time required
for all-sucrose products, permitting reduced starch use, cleaner flavor,
and improved product performance.

The formulas in Tables 7, 8, and 9 illustrate these concepts.

B. Lite Pancake Syrups and Carbonated Beverages

• Reduced total sweetener use and ‘‘Lite’’ or reduced-calorie label claims
are possible because of the sweetness synergy between fructose and
sucrose, acesulfame potassium, saccharin, or aspartame.

• Fruit flavors are enhanced and high-intensity sweetener off-flavors may
be eliminated as lower levels are used.

Table 7 Reduced-Calorie Lemonade Mix

Krystar crystalline fructose 93.0 lb
Citric acid (anhydrous fine granular) 5.45 lb
Ascorbic acid 0.42 lb
Carrageenan (Viscarin #402) 0.10 lb
Riboflavin 0.0016 lb
Syloid #244 0.50 lb
Permaseal clouding agent FD-9208-B 0.20 lb
Naturalseal lemon flavor FD-8949-D 0.33 lb

Usage: Mix 8 oz of above product with sufficient water to make 1
gal of reduced-calorie lemonade. Chill and serve.
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Table 8 Low-Calorie Fructose Lemonade Mixa

Fructose � saccharin blend (98:1) 89.1 lb
Citric acid (anhydrous fine granular) 9.2 lb
Ascorbic acid 0.7 lb
Carrageenan (Viscarin #402) 0.16 lb
Riboflavin 0.0025 lb
Permaseal clouding agent FD-9208-D 0.32 lb
Naturalseal lemon flavor FD-8949-D 0.53 lb

a Usage: Mix 5 oz of above product with sufficient water to make
1 gal of low-calorie lemonade. Chill and serve.

• Fructose provides lasting sweetness when paired with a sweetener like
aspartame, which has a limited shelf-life because of thermal decomposi-
tion.

C. Breakfast Cereals

• Flavor enhancement and sweetness synergies improve product perfor-
mance or allow cost reductions (e.g., cinnamon sugar coating).

• Simple sugars may be moved down the list of ingredients on the nutri-
tion label, a strategy aimed at health-conscious consumers (5).

D. Baked Goods

• A reducing sugar like fructose used in place of a nonreducing sugar
like sucrose improves product flavor and browning development in mi-
crowave and conventional ovens.

• The increased solubility of fructose makes it resistant to recrystalliza-
tion. The development of soft, moist cookies was made possible by the
partial substitution of fructose for sucrose in these formulations.

Table 9 Reduced-Calorie Gelatin Dessert

Crystalline fructose 79 lb, 8 oz
300 Bloom gelatin 14 lb
Fumaric acid 3 lb, 8 oz
Sodium citrate 2 lb
Syloid No. 244 1 lb
Spray-dried color and flavor As required
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Table 10 Reduced-Calorie Cake Mixes

White Yellow Chocolate
cake cake cake

Ingredient (%) (%) (%)

Krystar crystalline fructose 47.28 47.28 44.90
Hi-ratio bleached cake flour 38.75 38.75 37.72
N-Flate (National Starch) 7.71 7.71 7.52
Henningsen type P-20 egg 3.44 3.44 3.35

white solids
Baking powder 2.24 2.24 1.49
Givaudan FD-9993 vanilla 0.58 0.58 0.57

powder
De Zaan 11SB cocoa powder — — 4.17
Baking soda — — 0.28
Roche 1% CWS dry β- — 0.15 —

carotene

Directions for use: Blend 16 oz (454 g) of reduced-calorie cake mix with 10 oz of water for 30 sec
at low speed, followed by 5 min whipping at high speed. Transfer the heavy batter into two 9-inch
round cake pans (or one 91/2 � 131/2 rectangular pan) that have been sprayed with a low-calorie,
nonstick spray. Bake at 325°F 30–32 min.

• Humectant properties of fructose can replace glycerin to improve prod-
uct moisture and shelf-life in baked goods and bakery fillings. Multiple
benefits gained include eliminating the off-flavor of glycerin, removing
glycerin from the product label, and ingredient cost savings (33).

• It is possible to exploit the fructose-starch synergy to control the starch
gelatinization temperature in cakes formulated with fat replacers. Re-
duced-calorie cake formulas like those illustrated in Table 10 allow
bakers to produce cakes comparable in height and volume to full-fat
products (34).

• Reduced fructose-starch cook temperatures may allow reduced product
heat damage, faster line speeds, and lower energy costs.

E. Dairy Products

• Fructose may sweeten both the base and fruit in all-nutritively sweet-
ened yogurt for enhanced fruit flavor and ingredient image and ingredi-
ent cost savings.

• Enhanced chocolate flavor allows reduced costs and fewer calories in
chocolate milk.
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F. Confections

• Fructose reduces the water activity of chocolate bar caramel fillings,
resulting in greater microbial stability.

• It enhances hard candy flavors and improves product color.
• Fructose is more resistant to recrystallization than sucrose or dextrose.

This quality can obviate the need for invertase when fructose replaces
sucrose in liquid center confections like chocolate-covered cherries.

• Its lower relative viscosity offers faster production speeds.
• Use of a reducing sugar like fructose in place of a nonreducing sugar

like sucrose allows shorter cook time to develop color and flavor.
• The fructose-starch synergy increases line efficiency by reducing starch

levels and the viscosity of the deposit hot mix.
• Because fructose makes up 35% of the premium chocolate or carob

coatings to enrobe energy bars, a thinner carob coating can be applied
without reducing total sweetness (35). The authors warned, however,
that temperatures must not exceed 120°F or agglomeration of crystals
and severe glazing of pumps and pipelines will result.

• Most attempts at making hard candies with fructose have been unsuc-
cessful, primarily because boiled candy made from it will not set prop-
erly. However, the addition of maltodextrin (44%) reportedly improved
the set in a hard candy marketed in Italy (36).

G. Frozen Dairy Products and Novelties

• Calorie reduction and flavor enhancement are possible, but care must
be taken to balance the freezing point depression with higher molecular
weight compounds like corn syrups.

H. Frozen Fruit Packs and Juice Concentrates

• Greater sweetener solubility and lower osmotic pressure speed fruit in-
fusion, preserve fruit integrity, and prolong storage stability.

• Improved solubility, resistance to recrystallization, and depressed freez-
ing point hasten frozen juice concentrate reconstitution in water.

• Fructose enhances the natural flavors in fruit packs and juices.

I. Sports Drinks

• The increased solubility of fructose relative to sucrose and dextrose
allows formulation to greater caloric density, particularly in chilled bev-
erages.

• Flavor enhancement and compatible sweetness intensity profile help



Crystalline Fructose 387

mask unpalatable mineral and vitamin supplements apparent in sucrose-
sweetened beverages.

VII. FRUCTOSE MARKETING

Crystalline fructose has been available as an industrial food ingredient in the
United States since 1975. Fructose sales were initially strong as a result of intense
marketing to educate the medical community, the health food industry and health-
conscious consumers about the metabolic and sweetening advantages of crystal-
line fructose. Sales reached a plateau after several years, however, chiefly because
of three contributing factors:

• Higher sales price relative to competing caloric and high-intensity
sweeteners

• Sales efforts targeting the relatively small medical and health food mar-
kets

• The arrival of significant quantities from Europe and Asia at prices
sharply below domestic prices

United States crystalline fructose manufacture would likely have failed
early on had not A.E. Staley Manufacturing Company and Archer Daniels Mid-
land, two leaders in the corn wet milling industry, decided in the mid 1980s that
the time was ripe to begin large-scale production of crystalline fructose. Although
long overdue in the view of many industry observers, this decision to enter the
crystalline fructose market made a great deal of sense: corn wet millers had access
to low-cost raw materials and were expert in refining the high fructose corn syrup
feed stock to crystalline fructose. Furthermore, sales and distribution channels
already in place to supply the food industry with corn sweeteners and starches
enabled them to market crystalline fructose to this enormous industry far more
aggressively than had been attempted to date.

Economies of scale, improved manufacturing processes, and increased
awareness among food scientists of its unique physical and functional properties
have spurred the growth of crystalline fructose manufacturing and formulation
into finished foods and beverages. Although manufactured today in many coun-
tries throughout the world, crystalline fructose production is clearly dominated by
two U. S. companies, A.E. Staley Manufacturing Company and Archer Daniels
Midland. Actual production volumes are closely guarded and difficult to come
by; however, it is roughly estimated that crystalline fructose manufacturing has
grown from 12 million pounds in 1986 to approximately 185 million pounds in
1998 (37). Over the same period, the selling price of crystalline fructose has
dropped in the United States from more than $1.00/lb. to approximately $0.35/
lb. At this price, crystalline fructose is fully able to compete with sucrose and
dextrose on a sweetness and functionality basis.
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In 1993, Vuilleumier estimated the potential crystalline fructose market to
be 200–300 million pounds (38). Viewed against projected 1998 market figures,
his estimate appears to be well within reach of fructose manufacturers.

VIII. REGULATORY STATUS

Crystalline fructose, HFCS, and sucrose are generally recognized as safe (GRAS)
in the United States. The Food Chemicals Codex and United States Pharmaco-
poeia define fructose as containing not less than 98% or more than 102% fructose
and not more than 0.5% dextrose. Only crystalline fructose and crystalline fruc-
tose syrup meet this definition—HFCS and sucrose do not.

The Codex Alimentarius Commission defines fructose as ‘‘purified and
crystallized d-α-fructose.’’ These requirements, as well, are met only by crystal-
line fructose (39).

IX. STORAGE AND HANDLING

Relative humidity is the most important factor in crystalline fructose storage and
handling. Table 11 illustrates the effect of RH on the moisture absorption of
crystalline fructose (40). Product lumping is caused by the following.

• An initial increase in RH, causing surface water absorption and local-
ized dissolving of fructose at crystal surfaces

Table 11 The Effect of Relative Humidity on the Moisture Absorption of Crystalline
Fructose at 20°Ca

Days exposed
Relative
humidity (%) 1 2 5 7 9 12 16 20 26

33 0.02 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01
48 — 0.03 0.03 0.03 0.03 0.03 — — —
55 — 0.06 0.06 0.06 0.06 0.05 — — —
60 0.10 0.12 0.13 0.13 0.13 0.13 0.13 0.13 0.13b

66 0.32 0.52 1.12 1.51 1.87 2.45 3.16 3.84 4.89
72 0.68 1.33 3.34 4.66 6.01 7.91 10.3 12.2 14.7
76 0.91 1.78 4.40 6.14 7.86 10.3 12.8 14.9 17.7
82 1.27 2.49 6.14 8.67 11.0 13.7 16.9 19.7 23.8

a The amount of moisture absorbed is indicated as a percent of dry weight.
b When moisture content exceeds 0.7%, fructose becomes increasingly wet and sticky. Processing

conditions should be controlled to achieve values above this line.
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• Subsequent lowering of RH, resulting in release of moisture, recrystalli-
zation, and sticking of adjacent crystals to one another

A conditioned air system with RH �55% and a maximum temperature of 24°C
is recommended for bulk handling crystalline fructose. Crystalline fructose is
typically packaged and shipped to customers in 25-kg multiwall (foil-lined) bags,
600- and 1000-kg tote bags, and bulk railcar. Recommended storage conditions
are RH �50% and 21°C.

Fructose syrups, made by dissolving crystalline fructose in water, can be
stored at 21–29°C. These pure fructose syrups may be held indefinitely with little
likelihood of crystallization and are very stable microbially (1, 39).

REFERENCES

1. LM Hanover. In: FW Schenck, RE Hebeda, eds. Starch Hydrolysis Products. New
York, VCH Publishers, Inc., 1992.

2. KH Forsberg, L Hamalainen, AJ Melaja, JJ Virtanen. Suomen Sakeri Osakeyhtio,
US 3,883,365, 1975.

3. R Tannahill. In: Food in History. Briarcliff Manor, NY, Stein & Day, 1973.
4. H Moskowitz. In: H Sipple, K McNutt, eds. Sugars in Nutrition. New York, Aca-

demic Press, Inc., 1974, pp 37–64.
5. JS White, DW Parke. Fructose adds variety to breakfast. Cereal Foods World 34:

392, 1989.
6. RS Shallenberger. Pure and Applied Chemistry. London, Pergamon Press Ltd., 1978.
7. L Hyvonen, P Varo, P Koivistonen. Tautomeric equilibria of d-glucose and d-

fructose. J Food Sci 42:657, 1977.
8. L Hyvonen. In: Varying Relative Sweetness. University of Helsinki EKT-546, 1980.
9. R Scott. Hoffmann-La Roche, Internal Report, Nutley, NJ, 1980, unpublished.

10. CK Batterman, ME Augustine, JR Dial. A. E. Staley Manufacturing Company,
Sweetener composition, US 4,737,368, 1988.

11. CK Batterman, J Lambert. A. E. Staley Manufacturing Company, Synergistic sweet-
ening composition, International Patent Publication WO88/08674, 1988.

12. P Van Tournout, J Pelgroms, J Van der Meerer. Sweetness evaluation of mixtures
of fructose with saccharin, aspartame or acesulfame K. J Food Sci 50:469, 1985.

13. PK Beyts. Sweetening compositions. UK Patent Application GB2210545A, 1989.
14. L Hyvonen. Research Report. University of Helsinki, 1981.
15. L Johnson. unpublished report, Hoffmann-La Roche, Nutley, NJ, 1982.
16. MM Bean, WT Yamazak, DH Donelson. Wheat starch gelatinization in sugar solu-

tions. II. Fructose, glucose and sucrose—cake performance. Cereal Chem 55(6):
945, 1978.

17. DC White, GN Lauer. Predicting gelatinization temperature of starch/sweetener sys-
tems for cake formulation by differential scanning calorimetry. I. Development of
a model. Cereal Foods World, 35(8):728, 1990.



390 White and Osberger

18. AL Forbes, BA Bowman, eds. Health effects of dietary fructose. Supplement to Am
J Clin Nutr 58:721S, 1993.

19. AM Ugolev, BZ Zaripov, NN Iezuitova, et al. A revision of current data and views
on membrane hydrolysis and transport in the mammalian small intestine based
on a comparison of techniques of chronic and acute experiments: experimental re-
investigation and critical review. Comp Biochem Physiol 85A:593, 1986.

20. JE Riby, T Fujisawa, N Kretchmer. Fructose absorption. Am J Clin Nutr 58:748S,
1993.

21. YK Park, EA Yetley. Intakes and food sources of fructose in the United States. Am
J Clin Nutr 58:737S, 1993.

22. PA Mayes. Intermediary metabolism of fructose. Am J Clin Nutr 58:754S, 1993.
23. H Mehnert. In: Handbuch des Diabetes Mellitus. Munich, J.F. Lehmanns Verlag,

1971.
24. PA Crapo, OG Kolterman, J, Olefsky. Effects of oral fructose in normal, diabetic

and impaired glucose tolerance subjects. Diabetes Care 3:575, 1980.
25. J Talbot, K Fisher. The need for special foods and sugar substitutes by individuals

with diabetes mellitus. Diabetes Care 1:231, 1978.
26. PM Gerrits, E Tsalikian. Diabetes and fructose metabolism. Am J Clin Nutr 58:

796S, 1993.
27. AE Moyer, J Rodin. Fructose and behavior: does fructose influence food intake and

macronutrient selection? Am J Clin Nutr 58:810S, 1993.
28. BW Craig. The influence of fructose feeding on physical performance. Am J Clin

Nutr 58:815S, 1993.
29. DJA Jenkins, TMS Wolever, RH Taylor et al. Glycemic index of foods: A physiolog-

ical basis for carbohydrate exchange. AM J Clin Nutr 34:362, 1981.
30. P Crapo, J Scarlett, O Koltermann, et al. The effects of oral fructose, sucrose and

glucose in subjects with reactive hypoglycemia. Diabetes Care 5:512, 1982.
31. S Gardner. Special dietary foods. Federal Register 43:185, 1978.
32. T Osberger, H Linn. In: Low Calorie and Spec. Diet Foods. West Palm Beach, FL,

CRC Press, 1978, pp. 115–123.
33. Anon. Fructose replaces glycerin in bakery fillings. Food Product Design 4(11):93,

February, 1995.
34. SD Horton, GN Lauer, JS White. Predicting gelatinization temperature of starch/

sweetener systems for cake formulation by differential scanning calorimetry. I. Eval-
uation and application of a model. Cereal Foods World 35(8):734, 1990.

35. M Zimmermann. Fructose in the manufacture of dietetic chocolate. Manufact Con-
fectioner 39, 1974.

36. Sweet Topic No. 35, Xyrofin, Baar, Switzerland, 1982.
37. U.S. Economic Research Service. Personal communication with Steve Haley, March

1999.
38. S Vuilleumier. Worldwide production of high-fructose syrup and crystalline fruc-

tose. Am J Clin Nutr 58:733S, 1993.
39. LM Hanover, JS White. Manufacturing, composition and applications of crystalline

fructose. Am J Clin Nutr 58:724S, 1993.
40. Research Report. Finnish State Technical Research Center #A-6759-73, Helsinki,

1973.



21
High Fructose Corn Syrup

Allan W. Buck
Archer Daniels Midland Company, Decatur, Illinois

I. INTRODUCTION

More than 30 years have elapsed since the first commercial shipment of modern
high fructose corn syrup (HFCS) in the United States. Since then, the growth of
this food ingredient has been tremendous, and production in the United States is
predicted to expand to 20 billion pounds dry weight by the end of the century
(1). Initially, one product was supplied with a concentration of 42% fructose on
a dry basis. Because of its quality; sweetening properties; and availability as a
bulk liquid, economical sweetener; that product, 42% HFCS, rapidly penetrated
large markets formally held exclusively by liquid sucrose products. Not being
quite as sweet as medium invert sugar used by the soft drink industry, technical
demands from this industry led to the development of a 55% fructose product
with higher sweetness levels. The development was brought about by the com-
mercialization of a fractionation process that allows molecular separation of fruc-
tose from dextrose and concentration of the sweeter fructose fraction. This prod-
uct, typically produced at levels of 90% fructose, was made available as a
commercial product but was usually blended back with 42% HFCS to make 55%
HFCS. The transition from sucrose to 100% HFCS in major soft drink brands
occurred over about a 5 year period (1980–1985) as the corn wet milling industry
increased production capacity to match needs and proved to the soft drink indus-
try that quality and consistency in HFCS products were available. In the end,
55% HFCS had become the standard sweetener for carbonated beverages in this
country, and the ratio between 42 and 55% HFCS has remained fairly constant
since approval was given for the major soft drink brands. Table 1 shows the
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Table 1 Market Division between 42 and 55% HFCS

Year % 42% HFCS % 55% HFCS

1978 88 12
1979 78 22
1980 67 33
1981 57 43
1982 50 50
1983 45 55
1984 40 60
1985 36 64
1986 35 65
1987 35 65
1988 38 62
1989 40 60
1990 41 59
1991 41 59
1992 42 58
1993 41 59
1994 40 60
1995 39 61
1996 38 62
1997 37 63
1998 36 64
1999 36 64

Source: USDA Economic Research Service.

market breakdown for the two major HFCS products. HFCS has matured to the
point that growth is a function of increased population consumption of food prod-
ucts and not on penetration of new markets. Table 2 shows major events leading
to the maturity of HFCS in the United States, and Fig. 1 depicts the growth in
pounds.

Although corn is an economical and abundant source of starch for the man-
ufacture of HFCS, the technology for the manufacture of high fructose syrups
(HFS) is applicable to starch sources other than corn. For all practical purposes
properties are identical, and the remainder of this chapter will refer to that product
made from cornstarch, which is such an important part of the U.S. food chain.
Estimated world consumption of HFS is shown in Table 3.

Most of this chapter will deal with the common commercial products 42
and 55% HFCS. Commercial products with higher levels of fructose (80, 90 and
95% HFCS) are available but in limited commercial supply compared with the
widespread use of 42 and 55% HFCS. Because of the high level of fructose,
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Table 2 Brief History of HFCS

1957 Patent by Marshall and Kooi disclosed a microbial enzyme capable of
isomerizing dextrose to fructose.

1964 Clinton Corn Processing Company started work to commercialize a
process.

1965 Clinton Corn initiated work with Japanese Agency of Industrial Science
and Technology to commercialize process.

1967 First commercial shipment of HFCS by Clinton Corn was 15% fructose
and was made by batch system using soluble glucose isomerase.

1968 First commercial shipment of 42% HFCS by Clinton Corn batch process
and with both soluble and insoluble isomerase.

1972 Clinton Corn brought on stream first continuous plant using immobilized
enzyme.

May 1978 First large-scale 90% HFCS plant by Archer Daniels Midland. Permitted
volume production of 55% HFCS.

Jan. 1980 HFCS approved as 50% of the sweetener in brand Coca-Cola.
Apr. 1983 HFCS approved as 50% of the sweetener in brand Pepsi Cola.
Nov. 1984 100% level of 55% HFCS approved for both brands.

Figure 1 United States shipments of HFCS. (From USDA data.)
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Table 3 World HFS Consumption (1000 metric tons dry)

1989 1995

42% HFCS 55% HFCS 42% HFCS 55% HFCS

North America 1942 3563 2447 3947
South America 53 43 59 54
Europe-E.C. 293.2 — 293.5 —
Scandanavia 8 — — 16
Eastern Europe 120 — 340 30
Africa — — 20 50
Asia 467 613 794 910
Oceania 10 — 12 —

Source: McKeany-Flavell Company, Oakland, CA.

many of the applications, functional, and nutritional properties of these other
products are similar to pure crystalline fructose.

II. MANUFACTURE

Manufacture of HFCS is a highly sophisticated, automated operation starting with
a continuous flow of corn and ending with a continuous output of finished sweet-
ener. Manufacturing plants are relatively new and use the latest technology in
separations, purification, and computer-automated control, resulting in the indus-
try providing the highest quality food ingredient. The production of HFCS in-
volves four major processing steps: (a) wet milling of corn to obtain starch, (b)
hydrolysis of the starch to obtain dextrose, (c) conversion of a portion of the
dextrose to fructose, and (d) enrichment of the dextrose-fructose stream to in-
crease the fructose concentration.

A. Corn Wet Milling

Referring to Fig. 2, the objective of the corn wet milling process is to separate
the starch from the other parts of the corn kernel (hull, gluten, and germ). Cleaned,
shelled corn is soaked or steeped in a battery of tanks (steeps) in warm water
containing 0.1–0.2% sulfur dioxide. The steepwater, which swells and softens
the kernel to facilitate separation of the various components, flows countercur-
rently and is ultimately drawn off and replaced by fresh water. The steeped corn
is degerminated in a water slurry by passing it first through a shearing mill that
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Figure 2 Corn wet milling process.

releases the germ and subsequently to a continuous liquid cyclone, which sepa-
rates the germ for oil extraction. After fine grinding, the separated endosperm
and hull are screened, and the resulting slurry is passed to a continuous centrifuge
for starch and gluten separation. The separated starch fraction is filtered and redis-
persed in water repeatedly to reduce solubles (2) and to provide a pure starch
slurry available for further processing into starch-based products such as HFCS,
corn syrups, and ethanol.

B. 42% High Fructose Corn Syrup

The process for making 42% HFCS is shown in Fig. 3. The starch slurry made
from the corn wet milling process is treated with alpha-amylase enzyme at high
temperature to liquefy the starch to a dextrose equivalent (DE) of 10–20. This
material is then treated with a saccharifying enzyme, glucoamylase, which hydro-
lyzes the liquefied starch to a dextrose content of about 95%. This high dextrose
syrup is filtered, decolorized with carbon, and ion exchange refined to remove
salts and other ionic compounds. It is then passed through a fixed-bed column
of immobilized glucose isomerase enzyme. This isomerizing enzyme converts
glucose to fructose (Fig. 4) and reaches equilibrium at about 45% fructose. This
material is again filtered and refined by carbon and ion exchange treatment and
evaporated to become the commercial 42% HFCS.
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Figure 3 Production of 42% HFCS.

C. 55% High Fructose Corn Syrup

The refined glucose isomerase–treated liquor may be passed through fraction-
ation units to enrich the fructose content to 80–95%. This material is filtered and
refined by carbon and ion exchange treatment. It may be evaporated and provided
as a commercial product with properties similar to crystalline fructose in liquid
applications; however, more typically, this high fructose–containing syrup is
blended with the 42% HFCS to a concentration of about 55% fructose and evapo-
rated to become the commercial 55% HFCS. The dextrose from the fractionation
unit is fed back to the isomerization columns in the 42% HFCS process. This
process is shown in Fig. 5, and a comparison of the composition of these three
commercially available products is shown in Table 4.
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Figure 4 Isomerization of dextrose to fructose.

For a thorough description of the corn wet milling process, HFS manufac-
ture, and special unit operations, see the chapter reference list (3–5).

III. CHARACTERISTICS

Typical chemical and physical characteristics are shown in Table 4. As the fruc-
tose level increases, so does sweetness. This is the major characteristic provided
by HFCS.

Conventional corn syrups are characterized by their DE. DE is defined as
the measurement of the total reducing sugars in the syrup calculated as dextrose

Figure 5 Production of 55% HFCS.
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Table 4 Typical Characteristics of HFCS

42% HFCS 55% HFCS 95% HFCS

Saccharides
Fructose, % 42 55 80–95
Dextrose, % 52 41 4–19
Highers, % 6 4 1–3

Sweetness 1.0 1.0� 1.2
Dry Solids, % 71 77 77
Moisture, % 29 23 23
Color, RBU �25 �25 �25
Ash, % 0.03 0.03 0.03
Viscosity (cps)

80°F 150 700 575
90°F 100 400 360
100°F 70 250 220

pH 3.5 3.5 3.5
Lb./gal. (20°C) 11.23 11.55 11.56
Fermentable solids, % 96 98 99–100
Flavor Sweet, bland Sweet, bland Sweet, bland

and expressed as a percentage of the total dry substance. HFCS is composed of
a high amount of reducing sugars. Because the DE of HFCS is so high, HFCS
is not characterized by DE but rather by the percent of fructose on a dry basis.
Measurement of reducing sugars is based on the reducing action of aldose sugars
on certain metallic salts (e.g., copper sulfate in Fehling’s solution). Fructose,
being a ketose sugar, is converted to an aldose under the alkaline conditions of the
tests and behaves as dextrose. The reducing characteristic is one that particularly
distinguishes HFCS from sucrose. Sucrose is not a reducing sugar and therefore
does not participate in reducing reactions such as nonenzymatic browning until
it has inverted into its constituent monosaccharides of fructose and dextrose.

pH for all products is low. Because these products are ion exchange refined,
they have little buffering capacity and the pH tends to drift down with time.
Because of the low buffering capacity and low acidity, HFCS has little effect on
the pH of foods. Lower pH favors color stability for reducing sugars.

The treatment with carbon in the production of HFCS yields products with
low color and flavor. Ion exchange treatment provides a product with extremely
low ash, which helps to maintain the color and flavor stability of HFCS by remov-
ing color precursors and catalysts. Both treatments serve to reduce trace compo-
nents that may promote or otherwise catalyze color and flavor development. The
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refining treatments and resulting lack of contaminant result in extremely bland
products with few off-flavor notes.

HFCS products are extremely high in fermentable extract. This would be
expected because of the high amount of monosaccharides and disaccharides (94–
100%) and negligible oligosaccharide composition.

HFCS is microbiologically stable and meets the most stringent specifica-
tions requested by the food industry. The stability is a function of the high osmotic
pressure created caused by the predominance of the monosaccharides in their
composition and the high solids levels. Forty-two percent HFCS is supplied at
lower solids than the others because its greater dextrose content renders it more
susceptible to crystallization.

HFCS has lower viscosity compared with other nutritive sweeteners such
as sucrose or conventional corn syrups but is equivalent to dextrose solutions
and invert sugar because of the similar monosaccharide composition. At equal
solids levels HFCS products have comparable viscosity; however, as supplied,
42% HFCS at lower solids has a lower viscosity.

IV. AVAILABILITY, TRANSPORT, STORAGE, HANDLING,
AND SHELF-LIFE

The finished products are typically shipped from the manufacturing plants to the
customer in bulk jumbo railcars equipped with food-grade epoxy lining or in
bulk stainless steel tank trucks. Tank trucks normally have self-contained positive
displacement pumps for transferring the product to customer storage tanks. In
addition to direct plant shipments, customers may be supplied the product by way
of distributors or sweetener transfer facilities. Hundreds of strategically located
facilities around the United States exist for the purpose of transferring product
from railcar to storage tanks, trucks, drums, etc. for distribution to the customer.

Railcars are equipped with steam coils in the event the product cools suffi-
ciently to promote crystallization of the more insoluble dextrose component.
When this occurs, the syrup can be reliquefied with gentle heat. All three products
are microbially stable and, under recommended storage conditions, the shelf-life
is indefinite and depends on the final application’s sensitivity to color develop-
ment. HFCS is a clear, colorless liquid. It tends to develop a light straw color
(color value of about 25 reference brain unit [RBU]) after prolonged time and/
or higher temperatures. The product remains usable for many months under rec-
ommended storage conditions, maintaining sensory, physical, and chemical spec-
ifications. In general, storage temperatures of around 80 to 90°F will allow the
product to be pumpable, prevent crystallization, and minimize color development.
Cooler storage temperatures will increase shelf-life based on color development.
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Table 5 Effect of Temperature on Density

Pounds/gallon

Temperature (°F) 42% HFCS 55% HFCS

60 11.258 11.573
70 11.230 11.542
80 11.201 11.511
90 11.172 11.479

100 11.142 11.448

Fourty-two percent will crystallize less than around 68°F, 55% at slightly cooler
temperatures, and 95% will not crystallize at reasonable storage temperatures.

Stainless steel or mild steel tanks lined with food-grade epoxy lining are
recommended for storage. Tanks should be equipped with sterile ultraviolet con-
ditioning systems. These units are used to prevent condensation in the tank head-
space that may dilute the surface of syrup and make it less microbially stable.
The conditioning systems consist of blowers that pass filtered air past ultraviolet
lights for sterilization before being introduced into the tank headspace.

Most users will take advantage of the convenience provided by bulk han-
dling systems; however, these products may also be available in intermediate
bulk containers, drums, or pails. Users of these containers should be equipped
to warm the contents if necessary to facilitate pumping or reliquefy the contents.

HFCS is sold by the pound. It is commonly used by metered volume. The
change in density with temperature may be sufficient for very large volume users
to effect inventory and yield calculations so the effect of temperature must be
taken into account when measured by volume. Table 5 demonstrates the change
in weight on the basis of temperature.

V. SPECIFICATIONS AND ANALYSIS

HFCS is a consistent and high-quality bulk sweetener in the U.S. market. Because
of refining to remove nonsweetener components and extensive microbiological
controls in the process, it is able to meet very stringent specifications. Composi-
tion, identification, and testing requirements for HFCS have been published by
the Committee on Food Chemicals Codex (FCC) of the National Academy of
Sciences with the latest update in 1996 (Table 6). Because the beverage manufac-
turers are the single largest users of these products, stringent guidelines and test
procedures (6) have been published by the International Society of Beverage
Technologists (ISBT), which was known up until 1996 as the Society of Soft
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Table 6 Food Chemical Codex IV—High Fructose Corn Syrup Specification

Description

High fructose corn syrup (HFCS) is a sweet, nutritive saccharide mixture prepared as a
clear, aqueous solution form high dextrose-equivalent corn starch hydrolysate by the
partial enzymatic conversion of glucose (dextrose) to fructose, using an insoluble
glucose isomerase preparation that complies with 21 CFR 184.1372 and that has
been grown in a pure culture fermentation that produces no antibiotics. It is a water-
white to light yellow somewhat viscous liquid that darkens at high temperatures. It
is miscible in all proportions with water.

Functional use in foods: nutritive sweetener

Requirements

Labeling: Indicate the color range and the presence of sulfur dioxide if the residual
concentration is greater than 10 mg/kg.

Identification: To 5 ml of hot alkaline cupric tartrate TS add a few drops of a 1 in 10
solution of the samples. A copious red precipitate of cuprous oxide is formed.

Assay: 42% HFCS—Not less than 97.0% total saccharides, expressed as a percent of
solids, of which not less than 42.0% consists of fructose, not less than 92.0%
consists of monosaccharides, and not more than 8.0% consists of other saccharides;
55% HFCS—Not less than 95.0% total saccharides, expressed as a percent of solids,
of which not less than 55.0% consists of fructose, not less than 95.0% consists of
monosaccharides, and not more than 5.0% consists of other saccharides.

Arsenic (as As): Not more than 1 mg/kg.

Color: Within the range specified by the vendor.

Heavy metals (as Pb): Not more than 5 mg/kg.

Lead: Not more than 0.1 mg/kg.

Residue on ignition: Not more than 0.05%.

Sulfur dioxide: Not more than 0.003%.

Total solids: 42% HFCS—Not less than 70.5%; 55% HFCS—not less than 76.5%.

Drink Technologists (SSDT). Those guidelines published in November 1994 are
shown in Table 7 and were the result of extensive collaboration between the
soft drink manufacturers and the corn wet millers. Many of the test procedures
incorporated were adapted from standard analytical methods developed and pub-
lished by the Corn Refiners Association (CRA) (7).
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Table 7 International Society of Beverage Technologists—Quality Guidelines

42% HFCS Parameter 55% HFCS

71.0% � 0.5% Solids 77.0% � 0.5%
0.05% Maximum Ash (sulfated) 0.05% Maximum
42% Minimum Fructose 55% Minimum
92% Minimum Dextrose and fructose 95% Minimum
1.15 CRA (x100) max. Color 1.15 CRA (x100) max.
10 Mold/10 g Microbiological 10 Mold/10 g
10 Yeast/10 g 10 Yeast/10 g
200 Mesophiles/10 g 200 Mesophiles/10 g
6.0 ppm Maximum Extraneous material 6.0 ppm Maximum
3.3–4.3 pH 3.3–4.3
Not objectionable Flavor and odor Not objectionable
4.0 ml Maximum of 0.05N Titratable acidity Not objectionable

sodium hydroxide to pH 6.0
3 ppm Maximum SO2 3 ppm Maximum
97% T Minimum Sulfonated poly- 97% T Minimum

styrene
80 ppb Maximum (11% ds) Acetaldehyde 80 ppb Maximum (11% ds)

Because HFCS products are of high and consistent purity, useful properties
such as solids and specific gravity can be determined by accurately measuring
the refractive index. The CRA-sponsored studies by the Augustana Research
Foundation in 1983, which resulted in a regression model being generated show-
ing the refractive index–dry solids–density relationship of specific corn sweeten-
ers. This information is used in the physical constants shown in Table 8. Complete
tables covering all solids ranges are available from HFCS manufacturers.

The most critical characteristics of HFCS include the saccharide profile,
dry solids, and color. Saccharide profile is best determined by the use of high-
pressure liquid chromatography analysis. Polarimeters are often used to confirm
acceptance of the correct product; however, because of the complex saccharide
composition, they are not suitable for specification confirmation.

Color of HFCS is from virtually colorless to light straw. Because light
straw is a subjective visual observation, spectrophotometric tests have been devel-
oped to measure this parameter. For years, soft drink bottlers used tests measuring
RBUs on liquid sugars and set a specification of 35 RBU maximum. With the
advent of HFCS with lower typical color, that specification was lowered to 25
RBU maximum. Since that time, the ISBT has adopted the CRA color test. A
25-RBU syrup is equivalent to a CRA color (times 100) of 1.15 maximum. Color
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Table 8 HFCS Physical Constants

Refractometer Specific Pounds
Brix gravity per U.S. HydrometerRefractive index
1966 (in air) gal. at Brix

Solids % 20°C 45°C ICUMSA 20°C 20°C 20°C

42% HFCS
11.0 1.3493 1.3457 10.92 1.04414 8.689 10.99
70.5 1.4632 1.4577 69.10 1.34717 11.211 69.54
71.0 1.4643 1.4589 69.55 1.35022 11.236 70.02
71.5 1.4655 1.4600 70.04 1.35327 11.261 70.50
72.0 1.4667 1.4612 70.54 1.35633 11.287 70.99
55% HFCS
11.0 1.3492 1.3456 10.90 1.04418 8.689 11.00
76.5 1.4774 1.4716 74.84 1.38454 11.522 75.38
77.0 1.4786 1.4728 75.31 1.38769 11.548 75.87
77.5 1.4798 1.4740 75.78 1.39084 11.574 76.35

Source: Complied from CRA, ISBT, and ICUMSA.

values can be mathematically converted between the two units and, for the conve-
nience of those more familiar with RBU color, that conversion equation is as
follows:

RBU �
CRA � 100 � 0.0417

0.0479

The most commonly tested attributes are dry solids and pH, probably because
many quality control laboratories are equipped to perform these tests. Dry solids
are determined by refractometer. Many refractometers are calibrated with the
Brix scale rather than refractive index. For sucrose solutions, Brix corresponds
to percent solids in solution. The term Brix cannot be used when designating
solids concentrations in other nutritive sweetener solutions such as invert sugars,
HFCS, and corn syrups (8). From Table 8 it can be seen that for HFCS products
the refractive index-Brix relationship is not the same as the refractive index-
solids relationship. For 42% HFCS, the Brix value is roughly 1.4 less than the
actual delivered solids, and for 55% HFCS, the difference is about 1.7. The differ-
ence is less at lower solids levels and at 10% solids the difference is only 0.1°
Brix. Also, it is important to realize the effect of temperature on the converted
dry solids value. There is a 0.1% solids error in the dry solids reading for every
1°C difference from 20°C. For example a refractive index or Brix reading taken
at 25°C will result in a 77.0% solids value being reported as 76.5%.
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Because of the high purity of HFCS, it has low ionic strength and buffering
capacity. For this reason it is imperative that pure dilution water be used and
that residual buffer solutions be removed from the probes to prevent erroneous
pH results. Although pH is the most commonly used test, titratable acidity is a
better indicator of the effect HFCS may have on the pH of a food system.

VI. PROPERTIES

Functionally, HFCS provides sweetness, flavor enhancement, viscosity, humec-
tancy, nutritive solids, fermentability, and reducing characteristics such as flavor
and color development. HFCS can be used to control crystallization, modify
freezing point, raise osmotic pressure, and lower water activity.

By far, sweetness is the most important functional property of HFCS. Table
9 shows the relative sweetness of several sweeteners compared with sucrose.
Although sweetness levels may be comparable, the actual sweetness may vary
in a food system, depending on such factors as the temperature, pH, and solids.
Sweetness is also affected by the flavor profile (9). HFCS has a rapid sweetness
release. Compared with sucrose, HFCS is considered to enhance fruit flavors,
spicy notes, and tartness. This is because the sweetness of HFCS is quickly per-
ceived and does not linger. Sucrose on the other hand has a slower onset of
sweetness but a longer lasting action. This can have a flavor-masking effect. The
combination of the two can result in a synergism that results in a system perceived
sweeter than the individual ingredients on their own.

Over the shelf-life of a product, acidic food systems (such as most bever-
ages) sweetened with sucrose will invert, changing the sugar profile and conse-
quently the flavor and sweetness of the product. HFCS has an advantage over
sucrose in acidic food systems because it does not invert. Table 10 illustrates the
effect of sucrose inversion.

Table 9 Relative Sweetness of Nutritive Sweeteners

Sweetener Sweetness relative to sucrose

Sucrose 1.0
Crystalline fructose 1.2–1.8
90% HFCS 1.2–1.6
42% HFCS 1.0
55% HFCS 1.0�
Sucrose medium invert 1.0�
Dextrose 0.7
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Table 10 Chemical Comparison between Sucrose and HFCS

Sucrose inverts in acidic foods or the body to dextrose and fructose.
100 g Sucrose Total inversion

→
52.6 g dextrose � 52.6 g fructose

100 g HFCS (dry basis) yields 94 to 100 grams dextrose and fructose

Although HFCS as supplied has a significantly lower viscosity than sucrose
at the same level, the difference is minimal at lower solids levels. Viscosities of
sweetener systems as delivered are shown in Table 11.

HFCS is an economical humectant and widely used for that purpose in the
food industry. It has greater sweetening power than other common humectants
such as glycerine and sorbitol.

Having a DE of more than 97, HFCS is composed predominantely of reduc-
ing sugars. Reducing sugars react with proteins in food systems to generate brown
pigments through the Maillard or nonenzymatic browning reaction. The reaction
is greatly enhanced at elevated temperatures such as in baking, giving rise to the
brown crust color of items such as breads and rolls. At room temperature and
below, the reaction is greatly reduced.

The monosaccharide makeup of HFCS results in changes in colligative
properties versus the disaccharide sucrose. HFCS depresses the freezing point of
food systems compared with sucrose, making a lower freezing, softer product.
This property can be an advantage in some applications but a disadvantage in
others. When identical freezing points are required, conventional corn syrups are
often used to balance the freezing point.

The high osmotic pressure of HFCS is also a result of the monosaccharide
composition. This property makes HFCS as supplied microbially stable and has
been suggested as one reason monosaccharides are better for pickling and pre-
serving processes such as in the manufacture of pickles and processed fruit.

The smaller molecules also result in lower water activity compared with
the disaccharide sucrose. Low water activities allow greater microbial stability
at higher moisture content, which often improves texture and shelf-life.

Table 11 Viscosity of Nutritive Sweeteners at 100°F

Viscosity (centipoises)

42% HFCS 70
55% HFCS 250
67.5° Brix liquid sucrose 115
42 DE/43 Bé corn syrup 21,000
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VII. APPLICATIONS

HFCS replaces sucrose on a solids basis in most foods except when a dry sweet-
ener is required, such as dry mixes, and when hygroscopicity is a concern, as in
some confections. Table 12 shows the major markets for HFCS. Some of the
diverse product categories that find HFCS as an ingredient are bakery products,
beverages of all types, processed fruits, condiments, frozen desserts, jams, jellies
and preserves, pickles, wines, and liqueurs.

A. Beverages

By far the largest market segment is in beverages. Most 55% HFCS is used in
this market. The major cola brands use that product because of its higher sweet-
ness level. The availability of HFCS as a bulk liquid sweetener along with its
consistent carbohydrate composition, narrow dry solids specification, and low
ash level allows for highly automated bottling lines that use online instrumenta-
tion, which continuously meters and blends beverages to exacting beverage speci-
fications at rates exceeding 1700 12-ounce cans per minute.

Typically beverages use 10–12.5% HFCS solids for desired sweetness.
More acidic, stronger flavored beverages are at the high end. Sports drinks with
isotonic requirements encouraging quick gastric emptying are typically at lower
solids levels of about 2–9% (10). HFCS is also used as a fermentation adjunct
in wines and as a sweetener for wine coolers and liqueurs.

B. Baking

The second single largest market for HFCS is the baking industry. Again, HFCS
as a bulk liquid sweetener is ideal for large, automated bread and bun manufactur-
ing lines. It is ideal in yeast-raised goods such as breads, buns, rolls, and yeast-

Table 12 HFCS Markets in United States—
1995 Forecast

Percent
Industry of market

Beverages 72.3
Canning/processed foods 10.9
Baking 5.9
Dairy products 3.2
Other 7.6

Source: USDA Economic Research Service.
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raised donuts because it is directly fermentable by yeast without the inverting
action required before sucrose is used. In general, at equal solids levels, proof
times are slightly shorter using HFCS compared with sucrose and volume, crust
color, flavor, and grain are the same (11).

Besides its use as a sweetener and fermentable sugar, it is widely used in
the baking industry as a humectant. It is incorporated into items such as cakes,
cookies, and brownies as humectant and, compared with other commonly used
humectants such as glycerine and sorbitol, it has increased sweetness.

High substitution levels for sucrose in chemically leavened products such
as cakes and cookies result in different characteristics in the finished product.
Cookies are plumper and softer, with less spread (12) but with lower water activ-
ity (13). Cakes are denser with less volume and flatter tops (14), which is reported
to be due to starch gelatinization at a lower temperature (15). Under equal condi-
tions, chemically leavened bakery products are browner. In general, cakes of
equal quality can be achieved with a partial replacement (10–60%) of sugar with
HFCS; however, changes in formulation can be made to achieve quality products
at higher levels. Color may be controlled or minimized by lowering baking tem-
peratures and lowering the pH slightly. The effect on leaving action may be
modified by using higher protein flour and/or a highly emulsified shortening.

C. Processed Foods

The fruit canning industry uses a tremendous amount of HFCS, usually in combi-
nation with corn syrup and sucrose. HFCS is increasingly being used in vegetable
canning such as peas and corn. Because of the improvements in refining of HFCS
over the years, color development caused by retort temperatures and extended
shelf-life is not the problem it once was. Water-soluble proteins in freshly cut
and washed produce are not available to react with the reducing sugars, and
modern refining techniques render HFCS virtually free of residual protein.

Reducing properties are important in maintaining the bright red color of
tomato catsup and strawberry preserves (16), and HFCS as a sweetener is used
in combination with conventional corn syrups in these items.

A large amount of HFCS is used in the production of jams, jellies, and
preserves, usually in combination with conventional corn syrups to provide solids
and sweetness. The HFCS/corn syrup formulation is an economical sweetener
system that enhances fruit flavors, prevents crystallization, and preserves color.

D. Ice Cream and Dairy Products

HFCS is used in ice cream and other frozen desserts at levels from 2–8%. Remov-
ing the disaccharide sucrose from frozen desserts and replacing it with HFCS
has an effect on the freezing point and texture of the product. In some cases, this
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is a benefit and in other cases both sucrose and HFCS are the preferred combina-
tion in these products. Formulators adjust the mixture with corn syrup, maltodex-
trin, or other bulking agents to fine-tune the sweetness, freezing point, and texture
of the system.

Dairies incorporating HFCS in frozen desserts are likely to manufacture
chocolate milk as well. HFCS works well in this beverage and has an ingredient-
sparing effect on cocoa powder, allowing a 5–15% reduction (11).

VIII. REGULATORY STATUS

HFCS containing 42 or 55 percent fructose is affirmed GRAS with no limitations
other than current good manufacturing practices per Chapter 21 of the U.S. Code
of Federal Regulations Part 184.1866.

IX. NUTRITIONAL, SAFETY, AND REGULATORY STATUS

The nutritional value of HFCS is essentially that of 100% carbohydrate. Of the
carbohydrate fraction, roughly 98% of HFCS is classified as sugars (monosaccha-
rides and disaccharide) for nutritional labeling. The product is marketed as a
nutritive sweetener and most manufacturers simply suggest using a caloric value
of 4.0 kcal/g for the dry substance.

Because of the tremendous increase in HFCS consumption since the 80s
with a corresponding decrease in sucrose consumption, from time to time we see
references in the media of increased consumption of fructose. Commercially,
much of the sucrose sold before the advent of HFCS was in the form of medium
invert, which is a liquid and contains, at manufacture, about 50% sucrose, 25%
dextrose, and 25% fructose. Referring again to Table 10, in acidic media such
as soft drinks and in the body, sucrose will invert to approximately equal amounts
of dextrose and fructose. Therefore, despite the many new applications for HFCS
over the last several years, fructose per capita consumption is not much different
because the increase in free fructose consumption was associated with a decrease
in sucrose consumption, and the amount consumed has remained 8% of total daily
energy intake (17). In addition, in the generally recommended as safe affirmation
review by FDA, the agency concluded that HFCS ‘‘contains approximately the
same glucose to fructose ratio as honey, invert sugar, and the disaccharide su-
crose.’’ Table 13 shows the changes in the per capita sweetener consumption
since 1970.

Glycemic index is a measure of the rate at which a food substance raises
blood sugar after ingestion and is often used by persons with diabetes as an
indicator of the suitability of a particular food or ingredient in their meal plan.
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Table 13 United States per Capita Sweetener Consumptiona

Honey Total
Crop Refined Glucose Total corn and edible caloric
year sugar HFCS syrups Dextrose sweeteners syrups sweeteners

1970 101.8 0.7 14.0 4.6 19.3 1.5 122.6
1971 102.1 0.9 14.9 5.0 20.8 1.4 124.3
1972 102.3 1.3 15.4 4.4 21.1 1.5 124.9
1973 100.8 2.1 16.5 4.8 23.4 1.4 125.6
1974 95.7 3.0 17.2 4.9 25.1 1.1 121.9
1975 89.2 4.9 17.5 5.0 27.4 1.4 118.0
1976 93.4 6.9 17.5 5.0 29.4 1.3 124.1
1977 94.2 9.1 17.6 4.1 30.8 1.4 126.4
1978 91.5 11.2 17.8 3.8 33.8 1.5 125.8
1979 89.3 14.4 17.9 3.6 35.9 1.4 126.6
1980 83.6 18.0 17.6 3.5 39.1 1.2 123.9
1981 79.4 22.2 17.8 3.5 43.5 1.2 124.9
1982 73.6 26.7 18.0 3.5 48.2 1.3 127.8
1983 71.0 31.0 18.0 3.5 52.6 1.3 130.4
1984 67.6 37.3 18.0 3.5 58.8 1.4 128.7
1985 63.2 44.6 15.9 3.5 63.9 1.5 128.6
1986 60.8 45.1 16.0 3.5 64.6 1.6 127.0
1987 63.1 47.1 16.2 3.6 66.8 1.7 131.6
1988 62.6 48.3 16.4 3.6 68.3 1.5 132.4
1989 62.8 47.5 16.7 3.7 68.0 1.6 132.4
1990 64.8 49.2 17.4 3.8 70.4 1.6 136.8
1991 64.4 50.0 18.2 3.8 72.0 1.6 138.0
1992 65.5 51.6 19.0 3.8 74.4 1.6 141.4
1993 65.2 54.4 19.6 3.8 77.8 1.6 144.6
1994 65.9 56.4 20.0 3.9 80.3 1.5 147.6
1995 66.2 58.2 15.1 4.0 77.3 1.5 144.9
1996 66.9 59.4 20.6 4.0 84.0 1.5 152.3
1997b 67.1 61.4 20.8 4.0 86.3 1.5 154.8

Source: U.S. Department of Agriculture, Economic Resource Service.
a Dry basis.
b Estimate.

Although pure fructose has a very low glycemic index of 20, compared with
white pan bread at 100 and sucrose at 90 because of their high dextrose content,
42 and 55% HFCS would not have a low glycemic advantage and would be
expected to be similar to sucrose in this area.

Fructose, in the form of HFCS used in the food supply, was included in a
comprehensive evaluation of the health effects of sugars conducted by FDA in
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1986. This evaluation concluded that, ‘‘Other than the contribution to dental car-
ies, there is no conclusive evidence that demonstrates a hazard to the general
public when sugars are consumed at the levels that are now current and in the
manner now practiced.’’

X. ECONOMICS/COST

The cost of the raw material, corn, has a major influence on industry economics;
however, other factors can seriously offset that parameter. Net corn costs are
determined after subtracting the value of corn wet milling by-products of corn
oil, corn gluten feed, corn gluten meal, and ethanol. Strong demand and pricing
for these by-products has the net effect of reducing overall corn costs, whereas

Table 14 United States Spot Price
for 42% HFCS, Midwest Markets

$ Per hundred pounds
Calendar year (dry weight)

1975 22.67
1976 14.03
1977 12.44
1978 12.12
1979 13.15
1980 23.64
1981 21.47
1982 14.30
1983 18.64
1984 19.94
1985 17.75
1986 18.07
1987 16.50
1988 16.47
1989 19.21
1990 19.69
1991 20.93
1992 20.70
1993 —
1994 18.77
1995 15.63
1996 14.46
1997 10.70

Source: Milling and Baking News.
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weak markets drive the effective price of the raw material up. Major additional
costs are for energy (steam and electricity), manpower (salaries, wages, and over-
head), and supplies (chemicals, enzymes, packaging, etc.). These are in addition
to water and waste treatment costs, depreciation, maintenance, etc. required to
operate the process.

Early in the history of HFCS, price was related to the price of sugar and
net corn costs. At present, supply and demand have a major influence as the
industry expands production capacity past its current need. Table 14 shows the
average free on board costs over the past several years.
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Palatinit Süßungsmittel GmbH, Mannheim, Germany

I. INTRODUCTION

Isomaltulose is a reducing disaccharide. Its systematic name is 6-O-α-d-gluco-
pyranosyl-d-fructofuranose (CAS Reg. No. 13718-94-0). Isomaltulose is a natu-
ral constituent of honey (1), occurring at levels up to 1%, and has also been found
in sugar cane extract (2).

Isomaltulose was discovered in 1952 in a sucrose-containing substrate of
Leuconostoc mesenteroides (3). Süddeutsche Zucker AG in 1957 first reported
their interest in isomaltulose (4). This isomer of sucrose is produced commer-
cially by Palatinit Süßungsmittel GmbH using a sucrose–glucosylfructose–
mutase enzyme. Isomaltulose (Palatinose) is beginning to be used as a food
ingredient and is the basic raw material for the production of isomalt (Palatinit).

The chemical formula of isomaltulose is C12H22O11⋅H2O. The molecular
weight is 360.32. The chemical structure of isomaltulose has been confirmed by
Loss (5) and is shown in Fig. 1. The crystalline structure of isomaltulose has
been studied by Dreissig and Lugar (6).

II. PRODUCTION

The transglucosidation of sucrose to produce isomaltulose is accomplished using
Protaminobacter rubrum (ATCC No. 8457) (7). In addition to this strain, other

*Retired.

413



414 Irwin and Sträter

Figure 1 Chemical structure of isomaltulose.

microorganisms are capable of carrying out this transformation (e.g., Serratia
plymuthica [8] and Erwinia rhapontici [9]).

The immobilized cells of the bacterium are used to pack a reactor column.
A concentrated sucrose solution is pumped through the column, where the sucrose
is transformed into isomaltulose.

Table 1 Food-Grade Isomaltulose: Typical Analysis

Test Results Method

Appearance White crystalline FCC
substance

Melting Range 120–126°C FCC
Water 5.0–6.5% FCC
Specific rotation �97–104° FCC
[α]20 (C � 2, water)
Ash 0.02–0.10% AOAC

(dry basis)
Color of solution max. 80 ICUMSA ICUMSA

units
Isomaltulose NLT 98.0% HPLC or GC

FCC � Food Chemicals Codex.
ICUMSA � International Commission for Uniform Methods of Sugar
Analysis.
AOAC � Association of Official Analytical Chemists.
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Figure 2 Isosweet aqueous solutions of Palatinose and sucrose at 20°C.

The clarified solution from the fermenter is concentrated by evaporation
and is then crystallized in two stages. The first crop is obtained by evaporation
and the second by cooling. The crystals are dissolved in demineralized water and
recrystallized. Isomaltulose crystallizes as a monohydrate.

The typical analysis of food-grade isomaltulose is given in Table 1.

III. SENSORY PROPERTIES

The sweetness quality of isomaltulose is similar to sucrose. It is perceived
quickly, it is refreshing and heavy without any aftertaste. Its sweetening power
in comparison to a 10% sucrose solution is 0.48, but there is an increase in sweet-
ening power as the concentration is increased, as seen in Fig. 2 (10).

Isomaltulose is reported to mask the off-flavors of some intense sweeteners
(11).

IV. PHYSICAL AND CHEMICAL PROPERTIES

A. Physical Properties

The appearance of isomaltulose, a white crystalline material, is similar to that of
sucrose. Its melting point (123–124°C) is lower than that of sucrose (190°C). It
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is practically nonhygroscopic. It is easily ground, an important property in many
applications.

The solubility of isomaltulose, as seen in Fig. 3, although lower than that of
sucrose, is adequate for most applications. The viscosity of isomaltulose solutions
shown in Fig. 4 is very similar to that of sucrose solutions.

B. Chemical Properties

Isomaltulose is very acid stable compared with sucrose. At pH 2.0 with HCl, a
20% isomaltulose is stable for more than 60 minutes when heated at 100°C,
whereas a 20% sucrose solution is completely hydrolyzed under these conditions.
Isomaltulose is a reducing sugar and as such undergoes Maillard reactions. The
microbial stability of products prepared with isomaltulose is very good.

V. METABOLISM

Isomaltulose has been shown to be hydrolyzed to glucose and fructose by intesti-
nal α-glucosidases (12). The relative cleavage rate of isomaltulose by homoge-
nates of jejunal mucosa is 44 compared with a sucrose rate of 100. Relative
cleavage rates of 30 and 100 are found with rat tissue (13).

Experiments with rats have shown that the metabolism of isomaltulose is
independent of the size of the dose and sex of the animals and compares in all
respects to that of sucrose. It was concluded in the study by Macdonald and
Daniel (14) that the Vmax for the enzymatic hydrolysis of isomaltulose is about
half that for sucrose.

In a study with pigs, one group of animals was provided with a reentrant
fistula in the end of the ileum, which made possible the examination of the enzy-
matic gastrointestinal digestion process in the small intestine separately from the
fermentative digestive processes in the large bowel. A second group of nonfistu-
lated animals were used to study digestibility over the whole gastrointestinal tract.
Study diets included either 20% sucrose or isomaltulose. Analysis of the ileal
chyme from the fistulated pigs showed that there was no passage of isomaltulose
(�0.3%) at the terminal end of the ileum. Both sugars were almost completely
digested and absorbed in the small intestine; fermentation in the large intestine
was not a significant factor (15).

A. Cariogenicity

Isomaltulose has been shown to be less cariogenic than sucrose. Ciardi has re-
ported that isomaltulose does not support growth by oral streptococci and, in
addition, has the added advantage of inhibiting bacterial growth and/or glucan
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Figure 3 Solubility of Palatinose and sucrose in water.

Figure 4 Viscosity of Palatinose and sucrose solutions.



418 Irwin and Sträter

synthesis (16). A similar conclusion was reached by Gehring (17), who reported
the final pH values of nutrient media containing different sugar substitutes after
incubation with 100 Streptococcus mutans strains. These results have been con-
firmed in vitro by pH-telemetric studies according to Muhlmann with pure iso-
maltulose and isomaltulose-based chewing gum (18, 19).

It has been reported that when isomaltulose was added to reaction mixtures
that contained various concentrations of sucrose, a significant reduction in the
yield of insoluble glucan was noted. With the addition of 4% isomaltulose, insolu-
ble glucan synthesis in a 1% sucrose solution was reduced from 100 to 4%.
The addition of 0.125% isomaltulose reduced it to approximately 50% (20). The
competition of isomaltulose in glucosyl reception is believed to cause the reduc-
tion in the amount of insoluble glucan produced from sucrose (21).

B. Effect on Blood Glucose and Insulin

Either isomaltulose or sucrose, in doses ranging from 0.25–1.0 g/kg of body
weight, was given to healthy adult males. The insulin and fructose concentrations
in the serum measured after isomaltulose ingestion were approximately half of
those measured after sucrose ingestion. At all doses the rate of rise of blood
glucose, insulin, and fructose levels and the peak values were lower for isomaltu-
lose than for sucrose. When the area under the glucose response curve was calcu-
lated, there was no significant difference between sucrose and isomaltulose, ex-
cept at the highest dose, whereas the area under the insulin response curve was
lower in the case of isomaltulose at all dose levels. As a result of the slower
cleavage rate and therefore slower absorption of the monosaccharides from iso-
maltulose, no rise in any intestinal discomfort was observed. This is compatible

Figure 5 Plasma glucose levels after oral administration of 50 g sucrose or Palatinose

in man.
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Figure 6 Plasma insulin levels after oral administration of 50 g sucrose or Palatinose

in man.

with the view that isomaltulose is completely absorbed, although more slowly
than is sucrose (14). These results are similar to those reported by Kawai et al.
(22) as seen in Figs. 5 and 6.

C. Tolerance

No evidence of intestinal discomfort has been observed in human studies with
isomaltulose (14, 22).

D. Toxicological Evaluations

The monomers and chemical bonds comprising the chemical structure of isomal-
tulose are the same as those found in sucrose or starch. It is not surprising that
only a limited number of toxicological studies have been conducted. No evidence
of toxicity was noted in a 26-week toxicological study conducted with rats (23).

VI. APPLICATIONS AND PRODUCT DEVELOPMENT

In the manufacture of most foods, isomaltulose can be substituted for sucrose
without any changes in the traditional manufacturing processes. Product develop-
ment studies have been successful in many applications (24). The following appli-
cations are representative of these studies.

Anticaking powder
Baked goods
Canned fruits
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Chewing gum
Chocolate products
Confections
Frostings
Hard and soft candy
Puddings
Sports and dairy drinks
Herbal tea drinks
Toothpaste

The solubility of isomaltulose is adequate for most applications. An exception
is in the manufacture of traditional jams and jellies, in which the lower solubility
of isomaltulose does not allow the production of high-solid products. Isomaltu-
lose is suitable for use in the manufacture of the newer ‘‘light’’ fruit spreads.

Because of its higher bacterial and chemical stability than sucrose, isomal-
tulose is used in a major way as a sweetener in dairy products containing active
cultures with acidophilus and bifidus bacteria. These bacteria cannot split isomal-
tulose as opposed to sucrose in the dairy product so that the sweetness level
remains constant. Isomaltulose can also be found on the market in sugar-free
drinks, such as teas, for children. The use of isomaltulose in such teas is of special
interest because the tolerance of isomaltulose is very good compared with polyols
and other slowly digestible carbohydrates.

VII. REGULATORY STATUS

In Japan and Korea isomaltulose is considered as a food and is marketed as such.
Isomaltulose is used as a food additive in China. A regulatory status has not yet
been established in other countries.
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I. INTRODUCTION

Trehalose is a unique disaccharide with important functional properties. Although
these properties have been recognized for many years, it is only recently that the
use of trehalose in a wide variety of products has been considered economically
feasible. This change resulted from the development of a novel system of manu-
facture that dramatically reduces production costs, making it possible to integrate
trehalose into a wide range of cost-sensitive products. The various physical prop-
erties as they relate to food applications are only now being explored. This chapter
reviews various aspects of trehalose and provides preliminary information on its
functional properties, potential use, regulatory status, and safety profile.

II. HISTORICAL BACKGROUND

Trehalose is believed to have been first isolated in 1832 from the ergot of rye
by Wiggers (1). The name ‘‘trehalose’’ was coined years later when Berthelot
extracted the same disaccharide as the primary sugar contained in a cocoonlike
secretion of a beetle found in the Iraqi desert. The insect cocoon or shell was
known as ‘‘trehala manna’’ (2). Other insects make similar structures using dif-
ferent sugars (2, 3). Trehala manna was described as a sticky raw material, and
Leibowitz reported that about 30–45% of the dry weight of the manna was treha-
lose (2, 3). Bedouins have been known to gather manna, found on leaves of
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various plants, for use as a sweetening agent. Some believe that it may be similar
to the manna mentioned in the Old Testament of the Bible, recorded as being
eaten by the Israelites in the wilderness (4).

III. HISTORICAL CONSUMPTION OF TREHALOSE
AND NATURAL OCCURRENCE

Trehalose appears to have been a part of the human diet since the beginning of
mankind. It occurs in a wide range of fungi, insects, and other invertebrates such
as lobster, crab, prawns, and brine shrimp (5,6, S Miyake, unpublished data,
1997). In addition, it can be isolated from certain plants such as sunflowers,
particularly the seeds. Other common foods in which trehalose occurs are honey,
wines, sherries, invert sugars, breads, and mirin (a sweet saké used for cooking)
(6, S Miyake, unpublished data, 1997). Both brewer’s and baker’s yeast accumu-
late trehalose, the latter to concentrations of 15–20%, on a dry weight basis (7).
Certain bacteria, including Escherichia coli, a common enteric bacteria of the
human digestive tract, can synthesize trehalose (8, 9). Early man likely had a
much greater exposure to trehalose than modern man because of greater dietary
dependance on fungi, insects, and aquatic invertebrates. Although many of these
substances are not common in our modern diet, several items are still consumed
by a large portion of the population and provide a constant exposure to trehalose
in the course of a normal diet. Modern food sources shown to contain significant
quantities of trehalose are honey (0.1–1.9%), mirin (1.3–2.2%), brewer’s (0.01–
5.0%) and baker’s yeasts (15–20%) (5–7, 10). Commercially grown mushrooms
can contain 8–17% (w/w) trehalose. Reported values of trehalose from natural
sources may vary substantially because of experimental conditions, analytical
methods, and the life-cycle stage of the organism assayed.

Elbein provides an extensive review of the reported general occurrence of
trehalose and the number of derivatives of trehalose that are found in nature
(6). Further work will likely show the presence of trehalose in many additional
organisms.

Since 1995, trehalose has been incorporated into hundreds of food products
in Japan. Total consumption of trehalose added to food products in Japan will
likely exceed 30,000 metric tons by the end of 1999. It is also sold in Taiwan
and Korea for use in processed foods.

IV. CHEMICAL COMPOSITION

α,α-Trehalose (α-d-glucopyranosyl α-d-glucopyranoside) has commonly been
called mushroom sugar or mycose. It is a conformationally stable, nonreducing
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Figure 1 Structure of α,α-trehalose dihydrate.

sugar consisting of two glucose molecules bound by an α,α 1,1 glycosidic linkage
(Fig. 1). After ethanol extraction or enzymatic synthesis, trehalose crystallizes
to a stable dihydrate form (1, 5). Trehalose can also be found in nature as α,β
(neotrehalose) and β,β (isotrehalose) isomers; however, these are uncommon,
and they possess chemical and physical properties that are distinct from α,α-
trehalose. In this review ‘‘trehalose’’ will be used to designate the α,α-trehalose
form. The chemical formula and molecular weight of trehalose dihydrate are
C12H22O11 ⋅ 2H2O and 378.33. The Chemical Abstracts Service Registry Number
is 6138-23-4.

V. PHYSICAL PROPERTIES

Physical properties reported in this section are, in large part, obtained from assays
of trehalose produced enzymatically from starch by Hayashibara Company Ltd.
(HBC) of Okayama, Japan; however, data from other sources are included (5).

Trehalose is available as a white crystalline powder that is colorless and
of prismatic rhomboid form. X-ray diffraction reveals cell parameters of a �
12.33, b � 17.89, and c � 7.66 A (11, 12). The orthorhombic cell formula is
given as P212121, and the units per cell are 4. The theoretical density of 1.511 g/
cm3 agrees closely with the actual value of 1.512 g/cm3. Reports of the melting
point of trehalose dihydrate range from 94–100°C (1). Continued heating above
100°C vaporizes the water of hydration, resulting in resolidification; a second
melting point is reached at 205°C (1). The melting point of trehalose dihydrate
produced and assayed by HBC (97°C) equals the value listed in reference texts
(13, HBC, unpublished data, 1997). The melting point of Hayashibara anhydrous
trehalose is 210.5°C, approximately 7.5°C higher than reported in the literature
(13, HBC, unpublished data, 1997).

Birch reports data from several studies in which the optical rotation of
various preparations of trehalose ranged from �177° to �197.14°, but gives a
value of �199° for his own anhydrous preparation (1, 14). Unpublished data
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from assays performed by HBC (1997) give a specific rotation equal to [α]20
D:

�199° (c � 5).

VI. PRODUCTION OF TREHALOSE

A. Historical Processes for Trehalose Production

The isolation of trehalose from natural sources has been ongoing for several de-
cades. Historically, the production of trehalose has been limited to small quanti-
ties obtained by extraction from microorganisms such as baker’s yeast (1, 15,
16, 17). One complex purification method produced maximum yields of 0.7%,
whereas later procedures resulted in yields of up to 16% of active dried yeast
(92% solids) (15, 17).

Recently, investigators have focused on the use of bacterial synthesis,
transgenic technology, or enzymatic conversion for the production of trehalose
(5). Trehalose has been isolated during the fermentation of n-alkanes by Arthro-
bacter sp. in quantities of 5–6 g/l (18). Three Japanese patents, issued between
1975 and 1993, described the production of trehalose by bacteria using common
carbon sources such as glucose and sucrose. Genetic recombination has been
attempted by insertion of a gene that converts glucose into trehalose in a sugar-
producing crop (5). Murao et al. reported on an enzymatic method for producing
trehalose from maltose using trehalose- and maltose-phosphorylases, which pro-
vided a yield of 60% (19). Trehalose has also been produced enzymatically by
a combination of acid reversion of d-glucose and trehalose (5, 20).

Although these newer methods have reduced the cost of trehalose, they
have not been able to provide trehalose at a cost low enough for use in most
food applications. This has effectively restricted its use to research, pharmaceuti-
cals, and high-value cosmetics.

B. The Hayashibara Manufacturing Process

Hayashibara Biochemical Laboratories of Okayama, Japan, screened soil samples
for bacteria that could produce trehalose from relatively inexpensive carbon
sources such as starch or maltose.

One group of bacteria were shown to convert maltose to trehalose in a
manner that was more efficient than previously reported enzyme systems (19,
21). A second bacterial group was found to use starch as the substrate for treha-
lose production (22, 23). Hayashibara scientists isolated and characterized the
two different trehalose-producing enzyme systems from these organisms (21–
23). Those species that produced trehalose directly from maltose required only
one novel enzyme, trehalose-synthase (21). The bacteria that produced trehalose
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Figure 2 Enzymatic production of Hayashibara trehalose from starch. A patented de-
branching enzyme is used to produce the amylose substrate.

from starch possessed two novel enzymes, maltooligosyl-trehalose synthase and
maltooligosyl-trehalose trehalohydrolase (22, 23).

HBC has commercialized the latter process using starch to manufacture
trehalose. This new process has reduced the price of trehalose approximately
100-fold. Before this discovery, the cost of trehalose in Japan ranged from
20,000–30,000 Yen (¥) per kilogram ($170–250 USD/kg). Food-grade trehalose
is now sold in Japan for about 300 ¥/kg ($2.50/kg).

The direct conversion of starch to trehalose on a commercial scale depends
on a system in which several enzymes coreact in the same medium (5, 22–24).
Isoamylase debranches the starch, producing amylose (Fig. 2). Amylose is then
converted to amylosyl-trehalose by maltooligosyl-trehalose synthase, which iden-
tifies the reducing end glucose units and catalyzes the conversion of α-1,4 bonds
into α,α-1,1 bonds. In the next step, maltooligosyl-trehalose trehalohydrolase
interacts with amylosyl-trehalose molecules, hydrolyzing the α-1,4 bond between
the amylosyl-moiety and the trehalose, releasing the trehalose into the media.
This reaction terminates when the degree of polymerization of amylose becomes
two or less; that is, when only glucose or maltose remains. This enzymatic system
followed by conventional methods of saccharide production results in high-purity
crystalline trehalose (5, 22–24).

VII. TECHNICAL QUALITIES

In nature, trehalose functions as one of the primary molecules responsible for
maintaining the bioactivity of cell membranes during stress caused by freezing,
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desiccation, or high temperatures (25). It is present in relatively high concentra-
tions in organisms that can be desiccated or frozen and on rehydration or thawing
return to essentially full function. Examples include brine shrimp, baker’s and
brewer’s yeast, insects, and certain plants (25). In nature, trehalose is thought to
function through a number of mechanisms to assist such organisms as baker’s
yeast in resuming normal metabolic activity after freezing or drying. These mech-
anisms include the following:

1. Water replacement—Trehalose has been shown to replace structural
water molecules that are hydrogen bonded to the end groups of
proteins. By substituting for water, trehalose maintains the three-
dimensional structure of protein molecules, and hence their ability to
remain active after drying or freezing (25–28).

2. Formation of a glassy solid—Scientists have found that trehalose can
form an amorphous glassy matrix around the vital tertiary structures
of proteins and phospholipids, thus protecting them during drying and
freezing (28–30).

3. Chemical inactivity—The chemical inertness of trehalose may be im-
portant in protecting biomembranes from destructive molecular reac-
tions (31).

4. Formation of a tight-fitting complex with water—Trehalose has the
ability to form a hydrogen-bonded complex with water. This complex
retards ice crystal formation and allows trehalose to penetrate more
deeply than other sugars into certain membrane structures (32, 33).

Because of these and other characteristics, trehalose possesses a number
of technical qualities that indicate that it may provide significant beneficial prop-
erties to foods, cosmetics, and pharmaceuticals. Other properties of interest in-
clude mild sweetness; low hygroscopicity; good solubility in water; lack of color
in solution; a high glass transition temperature; stability over a wide range of pH
and temperatures; and chemical stability (25, 27, 29, 34, HBC, unpublished data,
1997). Because of its stability, it resists caramelization and doesn’t participate
in Maillard reactions in food systems (29, 31, 35, HBC, unpublished data, 1997).
Trehalose is also known to stabilize proteins and starches (25–29, 36, HBC,
unpublished data, 1997).

A. Sweetness and Organoleptic Properties

1. Intensity and Persistence

Portmann and Birch compared the intensity and persistence of various concentra-
tions of trehalose to other sugars (32). Using a trained taste panel, the authors
studied the perceived sweetness of trehalose versus other sugars at concentrations
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of 2.3, 4.6, 6.9, and 9.2%. The report showed that the perceived sweetness of
trehalose increased in a nonlinear fashion as the concentration increased. The
ratios of the intensity of sweetness at the various concentrations between sucrose
and trehalose were 6.5:1, 5.0:1, 3.5:1, and 2.5:1, respectively. Comparisons of
sucrose to glucose and fructose showed that the sweetness intensity ratio did not
change with increasing concentration.

Increasing the concentration of trehalose also lead to a disproportionate
increase in the perception of the persistence of sweetness as compared with su-
crose (32). The ratio of the persistence of sweetness of sucrose to trehalose was
1.5:1 (2.3%), 0.8:1 (4.6%), 0.6:1 (6.9%), and 0.5:1 (9.2%), whereas glucose
and fructose showed little change. The ratio of the intensity and persistence of
sucrose to maltose had a similar pattern as trehalose but was less dramatic.

HBC performed a comparative sweetness test using a 22.2% solution
(w/w) of trehalose and various concentrations of sucrose (HBC, unpublished
data, 1997). The study showed that trehalose at 22.2% is about 45% as sweet as
sucrose (Fig. 3). The studies suggest that although the sweetness of trehalose is
less intense, it can be more persistent than sucrose (32).

Figure 3 The relative sweetness of various sugar solutions compared with a 22.2%
(w/w) solution of trehalose.
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2. Taste Quality

Trehalose was also tested for taste quality by a Japanese taste panel. A 22.2%
trehalose solution was compared with a 10% sucrose solution (HBC, unpublished
data, 1997). Results showed that 17 of 20 subjects preferred the taste of trehalose
to that of sucrose. Anecdotal responses to the quality of the taste of trehalose
have described it as mild with a clean aftertaste that seems to clear the palate
easily.

3. Taste Chemistry of Trehalose

Trehalose, a nonreducing disaccharide, is similar to other reducing disaccharides
in that it does not produce as great a sensation of sweetness as does sucrose.
Disaccharides are also generally accepted to be less sweet than the monosaccha-
rides from which they are made, with the notable exception of sucrose. Trehalose
is believed to have only one glucose molecule occupying the binding site on the
sweet taste receptor (37). This is thought to result from steric hindrance around
the C-1 site on the glucopyranose ring.

Physicochemical studies suggest that the shape and charge of trehalose are
such that water molecules form a closer (tighter) association with trehalose than
with other saccharides. Theoretically, these small molecular clusters can migrate
deeper into the taste epithelium (34, 38). Trehalose and the associated water may
concentrate in these areas more efficiently than other sugars, which would result
in a more persistent sweet taste (32).

In contrast, the perception of sweetness intensity has been hypothesized to
be enhanced by the ability of water molecules to dissociate or move in relation
to an associated sugar (39). It has been suggested by Mathlouthi that free water
molecules are required to allow the transport of Na�/K� ions across the mem-
brane of the sweet taste receptor. The more free water, the higher the possible
membrane potential (Na�/K� transport), resulting in the sensation of more intense
sweetness (39). Trehalose holds the water of hydration tightly so that water is
not available to facilitate the membrane potential. Both macroscopic and physio-
chemical results suggest that there is an optimal molecular volume for binding
to sweet taste receptors, which corresponds to a particular packing of the water
molecules around dissolved sugar molecules (40). The tight interaction of the
trehalose/water complex could inhibit the bonding of trehalose to the receptor,
further reducing the sweetness compared with other sugars (32).

B. Hygroscopicity

Low hygroscopicity is one of the hallmark qualities of trehalose. Figure 4 shows
the moisture content of trehalose after storage at 25°C for 7 days at various hu-
midity levels. The initial water content of trehalose dihydrate is 9.54%, whereas
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Figure 4 Hygroscopicity of anhydrous and dihydrous trehalose. Trehalose was stored
at various relative humidity concentrations for 7 days at 25°C and then measured for the
percent moisture.

anhydrous trehalose is 0.65%. The dihydrate form remained stable up to a relative
humidity (RH) of approximately 92%. The moisture content of anhydrous treha-
lose increased as RH increased from 35–75% and then paralleled the moisture
content of the dihydrate until 92% RH was reached. The maximum moisture
content was nearly 14% (HBC, unpublished data, 1997). Table 1 provides com-

Table 1 Water Absorption Ratio in Percent of Various Sugars Stored at
90% Relative Humidity and 25°C for 10 Days

Storage time in days

Sugar 1.0 3.0 6.0 10.0

Trehalose 0.2 0.0 0.1 0.2
Lactose 0.2 0.3 0.3 0.7
Maltose 3.5 6.6 8.4 8.4
Glucose 4.0 7.7 10.8 11.3
Sucrose 5.1 15.0 33.4 50.0
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parative data on the water absorption (%) of several sugars stored for 10 days
at 90% RH and 25°C. It appears that trehalose could be of benefit compared
with other sugars in dry blending operations and other applications in which low
hygroscopicity is desired.

C. Solubility and Osmolarity

Trehalose is soluble in water and insoluble in absolute alcohol. Aqueous ethanol
has been used to crystallize trehalose, which produces the dihydrate form (14).
The solubility of trehalose in 70% aqueous ethanol has been reported as 1.8 g/
100 ml (14). Table 2 provides data on the solubility of trehalose in water at
various temperatures (HBC, unpublished data, 1997). Trehalose has a solubility
similar to maltose up to about 80°C at which temperature the solubility increases
at a rate greater than the other sweeteners. The osmolarity of trehalose is also
essentially the same as maltose (Table 3).

D. Glass Transition Properties

Like most sugars, trehalose is capable of forming amorphous gels called glasses,
which are characterized by high viscosity and low molecular mobility (34, 41).
Glasses form as water is removed from sugar solutions during thermal- or freeze-
drying (42). These vitreous solids can become sticky (or rubbery in the case of
polymers) when their glass transition temperature is exceeded or there is an in-
crease in moisture. In this viscous liquid state, many commonly used sugars,
such as sucrose, become unstable and either crystallize or decompose chemically.
Crystallization will usually result in an anhydrous sugar with a consequent in-
crease in water activity in the residual phase. This, in turn, causes an increase
in the rate of browning and other degradative reactions in foods (35).

Trehalose solutions, on the other hand, solidify to form heat-stable glasses
that are capable of binding water and thus controlling water activity (25, 27, 41,
42). The glass transition temperature of these glasses is higher than for any other
disaccharide (34). If crystallization of trehalose glasses does occur, the dihydrate
forms, rather than the anhydrous crystal, resulting in a reduction of the water
activity (43).

Because of its special glass-forming properties, trehalose can be used to
stabilize proteins and lipids against the denaturation caused by desiccation and
freezing (28, 36, 42, 44). The glass transition temperature for pure trehalose is
the highest of any disaccharide (115°C) (42). This temperature is approximately
43°C higher than that of sucrose. The significance of a high glass transition tem-
perature and the unique characteristics of trehalose glasses are discussed later.

Several studies have shown that proteins and other cell membrane compo-
nents become embedded in the vitreous matrix formed by trehalose during drying
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Table 2 Water Solubility at Various Temperatures of Trehalose Produced by the Hayashibara Method on an Anhydrous Basis

Temperature (°C) 10 20 30 40 50 60 70 80 90

g/100 g H2O 55.3 68.9 86.3 109.1 140.1 184.1 251.4 365.9 602.9
% Saturation
Concentration (w/w) 35.6 40.8 46.3 52.2 58.3 64.8 71.5 78.5 85.8
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Table 3 Comparison of the Osmotic Pressure of
Concentrations of Trehalose and Maltose

Concentration of sugar (% w/w)

Sugar 5 10 20 30

Trehalose 193a 298 690 1229
Maltose 195 299 676 1221

a Osmotic pressure measured in milliosmoles.

(28, 29, 36, 44, 45). Proteins dried in the presence of trehalose are physically
constrained from undergoing degradative reactions (41). Several reports in the
literature have cited instances in which enzymes preserved in trehalose have re-
mained active, even after exposure and extended storage at high temperatures
(36).

A review of the literature suggests that there may be several important
reasons for the superiority of trehalose in preventing the destructive chemical
and physical reactions that accompany drying and freezing. Trehalose glasses are
purported to function by a number of mechanisms including the following:

1. Reduction in molecular mobility—The formation of a stable glass re-
duces molecular mobility and prevents destructive physical forces, like fusion,
from taking place during freezing or drying.

2. Reduction in water activity—Water activity is necessary for degrada-
tive interactions such as the Maillard reaction, which occurs between proteins
and other biocomponents (35). Trehalose glasses are hydrophilic and bind water
tightly if excess water is introduced into the system (42). Trehalose glasses are
almost unique in their ability to form a dihydrate compound, when excess water
is present, effectively lowering the water activity (43). Ding et al. stated that the
kinetics of most chemical reactions can be essentially shut down by the high
viscosity of vitreous trehalose glasses, even at temperatures well above the glass
transition temperature (42). They demonstrated that trehalose glasses can absorb
up to 0.15 moles of water per mole of trehalose without loss of rigidity at ambient
temperature (42). Others have reported that the freeze-drying of a 0.25 molar
(9.45%) trehalose solution did not remove all the water. After storing the prepara-
tion for 48 hours under vacuum, the sample retained 0.02 g of water per gram
of trehalose (41). The glass transition temperature determined for this preparation
was 92°C. When the sample was stored at ambient temperature and high humidity
for 66 hours, it absorbed water vapor, and 70% of the sample reverted to trehalose
dihydrate (41).

3. Immobilization of active end-groups—Proteins are reported to contain
between 0.25–0.75 g of water per gram of protein (27). Phospholipids also reside
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in an aqueous environment. As water is removed during drying, the active end-
groups, usually associated with hydrogen bonded water, are exposed and can
bind to other molecules. This denaturation of both proteins and phospholipids,
which causes distortion of the three-dimensional structure of the molecules, re-
sults in the loss of function. Trehalose can substitute for water by hydrogen bond-
ing to the end-groups, thus minimizing changes and preserving the natural struc-
ture and function of the protein or phospholipid.

4. Nonhygroscopicity—Trehalose glasses are hydrophilic but not hygro-
scopic. It is reported that they are dry to the touch (27). This means that vapor
pressure of water in equilibrium with trehalose glasses is high relative to other
sugars. Therefore, trehalose glasses are able to lose water to the environment,
rather than absorbing it (25, 27). This becomes important in maintaining a level
of water activity below the threshold at which destructive interactions occur (35).

By contrast, the glass structure of other sugars commonly used in the food
industry are hygroscopic, thus becoming tacky in the presence of water vapor.
When moisture from the atmosphere is absorbed, the surface layers of the sugar
dissolves, and crystallization can occur because this is the most stable state for
most sugars. The onset of crystallization allows weeping, particularly with su-
crose-based confections (27). Water, because of its plasticizing effect, creates a
more mobile structure in these types of glasses, inducing degradative chemical
reactions. These reactions can denature proteins and other food components (35).

The mobile state will also occur if the storage temperature exceeds the
glass transition temperature of a particular sugar-containing matrix. If food prod-
ucts are stored above their glass transition temperature, crystallization is likely,
with an accompanying increase in browning reactions (35). Because trehalose
has a very high glass transition temperature and can control water vapor by form-
ing the dihydrate, it can remain in the glass state at temperatures higher than
other sugars. Therefore, glasses formed from trehalose have a greater capability
for preserving or stabilizing proteins, lipids, or carbohydrates embedded in them
(42).

Other interesting properties of trehalose glasses have been reported. Crowe
et al. found that because trehalose glasses are permeable to water, products sus-
pended in trehalose solutions can be dried to very low residual water contents
without resorting to extreme dehydration methods (41). In another study, cyto-
chrome c was dried with 27% trehalose (w/w) to a 6% moisture content under
vacuum at ambient temperature. The compound was found to resist denaturation
at temperatures up to 115°C, whereas the authors reported that the normal temper-
ature at which cytochrome c denatures is 65°C (41). In general, proteins protected
by trehalose retain full activity after exposure to high temperature (36).

It has been reported that the hydrophilic nature of trehalose glasses makes
them impenetrable to the volatile lipid molecules responsible for food aromas
and flavors. These molecules are trapped within the trehalose glass and cannot
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dissipate to the atmosphere. Therefore, the aromas and flavors are still present
when the preparation is reconstituted (25, 46). It is speculated that trehalose might
be particularly effective in stabilizing foods and biomaterials that are subject to
high humidity and temperatures (41). Roser has reported that trehalose glasses
do not attract significant quantities of water at a relative humidity of 90% or less
(25).

Although a great deal of applications research remains to be done, HBC
has demonstrated that trehalose can be added to foods that undergo phase transi-
tions in preparation or storage (HBC, unpublished data, 1997). Such foods include
frozen bakery products, frozen desserts, dried fruits and vegetables, glazes, and
spray-dried products.

E. Storage Stability

The storage stability of a 10% solution of trehalose was tested by dividing ali-
quots of the solution and placing them in the dark at 25 and 37°C for 12 months
(HBC, unpublished data, 1997). Samples were examined for pH, color develop-
ment, turbidity, and residual sugar content monthly for the first 6 months and
thereafter at 9 and 12 months. After 12 months, there was no development of
color or turbidity, nor was there any degradation of trehalose at either tempera-
ture. Samples stored at 25 and 37°C for 12 months showed a drop in pH from
an initial value of 6.80 to 5.27 and 5.15, respectively.

Four percent solutions of trehalose were prepared at nine different pH con-
centrations. The samples were heated to 100°C for 8 and 24 hours (HBC, unpub-
lished data, 1997). The buffer systems (0.02 mM) used were acetate (pH 2–5),
phosphate (pH 6–8), and ammonium (pH 9–10). After incubation, the samples
were evaluated for pH and residual sugar content. The results of pH changes are
presented in Table 4. Samples appeared stable for the first 8 hours and were
relatively stable for the 24-hour incubation period. High-performance liquid chro-
matography analysis of the samples showed that even after 24 hours of incubation
at 100°C, all samples retained greater than 99% of the original concentration of
trehalose.

F. Heat Stability and Caramelization

The heat stability of trehalose was examined in a test system in which a 10%
trehalose solution was made in a pH 6.0 buffer (HBC, unpublished data, 1997).
The buffered solution was incubated in an oil bath at 120°C for up to 90 minutes.
Maltose control samples were also included. Solutions were analyzed for ab-
sorbance at 480 nm (Table 5). The trehalose solution remained stable after a
slight initial increase in absorbance; whereas the maltose solution increased at
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Table 4 The pH of 4% Trehalose Solutions Prepared in 0.02
mM Buffers and Incubated for 8 and 24 Hours at 100°C

Incubation time (hr)

0 8 24

3.46 3.41 3.83
3.71 3.64 4.02
4.25 4.22 4.50
5.14 5.10 5.25
6.69 6.67 6.52
7.46 7.44 7.13
8.25 8.14 7.64
8.88 8.91 8.42
9.86 9.85 9.16
Mean change � SD 0.04 � 0.03 0.37 � 0.19

each sampling time. At 90 minutes the absorbance of the maltose sample was
15-fold greater than that of trehalose. The increase in absorbance is related to
the production of colors associated with the caramelization process. Trehalose
resisted the production of such color and may be an effective inhibitor of unde-
sired caramelization.

G. The Maillard Reaction

The stability of 10% solutions of trehalose or maltose were tested in 0.05 M
buffered solutions (pH 4.0, 5.0, 6.0, 6.5, and 7.0) containing 1% glycine (HBC,

Table 5 The Absorbance of 10% Trehalose and 10% Maltose
Buffered Solutions (0.033 M Sodium Phosphate in Water)
Incubated at 120°C for up to 90 Minutes

Absorbance at 480 nm

Incubation time (min) Trehalose Maltose

0 0.005 0.000
30 0.013 0.051
60 0.010 0.121
90 0.012 0.184
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unpublished data, 1997). The solutions were placed in a oil bath at 100°C, and
samples were taken at 0, 30, 60, and 90 minutes. After cooling, the samples were
analyzed for changes in absorbance at 480 nm. After 90 minutes the absorbance
values of maltose were 0.003 (pH 4.0), 0.014 (pH 5.0), 0.324 (pH 6.0), 0.610
(pH 6.5), and 0.926 (pH 7.0), whereas trehalose values were 0.000, 0.002, 0.010,
0.010, and 0.012, respectively. In another experiment, 10% solutions of trehalose
and maltose were combined with a 5% (w/w) solution of polypeptone. Samples
were placed in an oil bath at 120°C for up to 90 minutes. Color change was
measured at 480 nm. Figure 5 displays the data from the experiment. These data
suggest that trehalose may be an excellent sugar to use when inhibition or control
of the Maillard reaction is desired.

H. Viscosity

Trehalose has a relatively low viscosity, even at higher concentrations (HBC,
unpublished data, 1997). Figure 6 summarizes the viscosity of trehalose solutions

Figure 5 The change in absorbance at 480 nm of 10% solutions of trehalose or maltose
containing 5% (w/w) of a polypeptone solution. Solutions were incubated at 120°C for
90 minutes.
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Figure 6 The viscosity of trehalose solutions from 5 to 40% (w/w) at 25 and 37°C
measured in centipoise (cP).

from 5–40% (w/w) at 25 and 37°C. Even at 40%, the viscosity did not rise above
5.7 cP.

VIII. NUTRITIONAL PROFILE

Trehalose produced by HBC is the only product currently available in commercial
quantities to the food industry. A nutritional analysis of several lots of this product
showed that it is composed of more than 90% carbohydrate. The remaining com-
ponents consisted of water at about 9.7% (dihydrate), trace quantities of lipid
with an average content of 0.025%, and low concentrations of protein (0.007–
0.008%) and ash (0.002–0.010%). Sodium concentrations ranged from nonde-
tectable to 0.065%, with residual starch being undetectable. These values com-
pared favorably with those of other saccharides listed in the Food Chemicals
Codex.

Energy values based on the preceding data calculate to 3.62 kcal/g. This
value correlates well with the analytical results, 3.46 kcal/g (HBC, unpublished
data, 1997).
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IX. SHELF-LIFE AND TRANSPORT

To ensure that its product continued to meet food grade specifications over an
extended shelf-life, HBC conducted analyses on commercial grade samples of
trehalose stored for up to 24 months. Twenty kilograms of trehalose was stored
at 25°C in three-layer Kraft paper bags in which one of the layers was polyethyl-
ene. One hundred-gram samples were taken from the same bag at 0, 1, 3, 6, 9,
12, 18, and 24 months and tested for eight variables. The results confirmed that
the material maintained integrity over the storage period, with little variation in
the product.

Since becoming commercially available in Japan in November of 1995
until the end of 1998, a cumulative total of more than 15,000 metric tons has
been sold. It is anticipated that in excess of 15,000 metric tons will be sold during
1999 in Japan. There has not been a recall of trehalose because of degradation
of the product.

No data on the stability of trehalose in specific products is yet available.
However, because trehalose is chemically, thermally, and pH stable, it suggests
that trehalose may aid in the stabilization of the products in which it is used.

Transport of trehalose is not restricted in Japan. It is not anticipated that
any such restrictions will be placed on trehalose by any government agencies.

X. COST AND AVAILABILITY

Trehalose is currently being sold in Japan for approximately 300 Yen (¥) per
kilogram ($2.50/kg @ 120 ¥ to $1.00 USD). Prices are slightly higher in Korea
and Taiwan. To the authors’ knowledge, HBC is the only commercially available
source of a purified trehalose product. Once regulatory approval is obtained in
North America and the European Union, it will be commercially available
through a marketing partner(s). Other groups are undoubtedly investigating alter-
native methods for the production of trehalose, but none are known to be commer-
cially available at this time.

XI. REGULATORY STATUS

Quadrant Holdings (Cambridge, United Kingdom) received approval for treha-
lose to be used as a novel food from the Ministry of Agriculture, Fisheries and
Food in the United Kingdom. The approval, granted in 1991, is for the use of
trehalose as a cryoprotectant for freeze-dried foods. Use levels were limited to
5% for each formulation. Trehalose produced by HBC was approved as a food
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additive in Japan in 1995 and as a food ingredient in Korea and Taiwan in 1998.
Hayashibara International Inc. self-affirmed trehalose as GRAS in May of 2000,
and received a letter of no objection from the U.S. FDA in October 2000. In the
United States the use of Hayashibara trehalose is limited only by current Good
Manufacturing Practices. JECFA reviewed the safety profile of trehalose in June
of 2000, and assigned the Acceptable Daily Intake as ‘‘not specified.’’ Currently
regulatory approval is being sought in Europe.

XII. APPLICATIONS

Numerous published and unpublished studies have shown that relatively low con-
centrations of trehalose in food formulations can reduce sweetness; stabilize pro-
tein matrices, flavors, colors and fatty acids; reduce starch retrogradation; main-
tain the texture of coatings; and prevent weeping (25, 27, 29, 30, 47, 48, HBC,
unpublished data, 1997).

A. Protein Stabilization

Trehalose appears more effective in stabilizing proteins against damage caused
by drying or freezing than other sugars tested (28–30). Trehalose has also been
shown to help maintain delicate protein structures after thawing and to stabilize
disulfide bonds, thereby inhibiting the formation of odors and off-flavors.

HBC found that a 5% addition of trehalose to an egg white preparation,
subsequently frozen for 5 days and then thawed resulted in almost no protein
denaturation compared with a control preparation (Fig. 7). Protein denaturation
was measured by the change in turbidity before and after freezing. Relative dena-
turation of preparations containing other sugars ranged from 14–58% (HBC, un-
published data, 1997).

In a second example, pulverized carrots were mixed with 10% (w/w) of
various sugars. Samples were dried for 64 hours at 40°C and stored for 7 days.
The superoxide dismutase (SOD)–like activity was measured (Fig. 8). Trehalose
appeared to maintain three times as much SOD-like activity as sucrose (HBC,
unpublished data, 1997). Studies using seven other vegetables dried with and
without trehalose showed a similar SOD-like protective activity. Preservation of
enzymes under various stress conditions has been reported by others (29, 41).

The effect of trehalose on protein stability was also demonstrated in a
coffee/milk drink. A 3% addition of trehalose (25% of added sugar) reduced the
coagulation of casein during sterilization at 121°C for 5 minutes and suppressed
color, taste, and pH changes during subsequent storage (Hayashibara, unpub-
lished data, 1997).



Figure 7 Egg white (95 g) was mixed with 5 g of various sugars and stored for 5 days
at �20°C. The samples were thawed and the turbidity was assayed. Egg white without
added sugar served as control and was given the relative denaturation value of 100%.

Figure 8 Pulverized carrots were mixed with various sugars and dried at 40°C for 64
hours. The samples were rehydrated and the SOD-like activity was measured. The results
presented are the percent of SOD-like activity obtained after compared with the activity
before the samples were dried.
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B. Stabilization of Starch

Trehalose is currently being used in Japan to retard starch retrogradation in such
products as Udon noodles (0.2% of flour), clam chowder (0.4% of product), and
traditional Japanese confectioneries (10–50% of sugars). Although the mecha-
nism is not yet fully understood, applications research has shown that trehalose
can be effective in stabilizing starch. Basic tests were performed to assess the
ability of trehalose to inhibit starch retrogradation. A 1% cornstarch solution was
mixed with 6% of various sugars. The mixture was gelatinized and cooled. The
turbidity of the solution was tested before and after 12 hours of storage. The
percent change was regarded as the amount of retrogradation of the starch solu-
tion (Fig. 9) (HBC, unpublished data, 1998). A similar experiment was performed
using equal volumes of a 2% starch solution mixed with a 12% sugar solution.
After gelatinization, the solutions were stored at 4°C for 12 hours. Results were
similar as those obtained in the first experiment (Fig. 9). The percentage of retro-
gradation with trehalose was 13%, whereas that for sucrose was 50% (HBC,
unpublished data, 1998).

Applications of this effect were tested in several Japanese food systems.
The hardness of bread made with and without trehalose was measured on day 0

Figure 9 A 1% corn starch solution was mixed with various sugars (6%). The samples
were then gelatinized, cooled to 4°C and stored for 12 hours. The percent change in the
turbidity before and after storage is reported as the amount of starch retrogradation.
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Figure 10 Bread was baked using 6% sucrose and 1%, 2%, or no trehalose. The hard-
ness of the bread was assayed after cooling the bread (4°C) and again after 5 days of
storage at 4°C.

and after 5 days storage at 4°C (Fig. 10). The addition of 2% trehalose to the
mix provided a reduction in hardness after 5 days of about 32%. The effects of
trehalose in frozen sponge cakes and dinner rolls were also investigated. Hardness
measurements on thawed sponge cakes showed that trehalose (1.7%) reduced
starch retrogradation and produced a product that was 28% softer than controls
after thawing. A 1% trehalose addition to dinner rolls containing sucrose resulted
in less heat shock when the rolls were thawed using an electric range than when
sucrose was used alone. In addition, trehalose-produced rolls maintained a softer
texture for up to 16 hours after thawing (Fig. 11) (HBC, unpublished data, 1997).

C. Prevention of Fat Decomposition

Trehalose’s ability to protect membrane phospholipid layers subjected to heat
stress or freeze/thaw cycles has been examined (28, 44, 45). Results showed that
trehalose was more effective in maintaining the integrity of vesicle membranes
than standard protectants such as glycerol or dimethylsulfoxide. The ability of
trehalose to stabilize free fatty acids has also been studied (HBC, unpublished
data, 1998). One hundred grams of four different fatty acid solutions were com-
bined with 1 ml of 5% solutions of sucrose, sorbitol, or trehalose. The mixtures
were heated for 1 hour at 100°C. Fatty acid concentrations before and after heat-
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Figure 11 Dinner rolls with or without 1% trehalose (dry weight) were baked and frozen
at �18°C for 7 days. The rolls were thawed in an electric range and the hardness was
measured every 4 hours for 16 hours.

ing were measured by gas chromatography. Results showed that trehalose mark-
edly reduced the decomposition of the fatty acids tested compared with control
samples or those with sucrose or sorbitol (Fig. 12).

D. Texture, Flavor, and Color Stabilization

Colaço and Roser studied the use of trehalose to preserve the fresh qualities of
a number of foods (29). They maintained that because trehalose was not particu-
larly sweet, it would not significantly change the flavor of foods to which it was
added. The authors blended fresh eggs with trehalose and dried the mixture at
30–50°C. An odorless, yellow-orange powder that could be stored at room tem-
perature was produced. When this powder was rehydrated, the product was re-
ported indistinguishable from an equivalent fresh egg mixture.

The ability of trehalose to preserve the fresh aroma and texture of herbs,
fresh fruit slices, and purees was also studied (29). Fruit purees dried with treha-
lose resulted in shelf-stable powders with little aroma. On rehydration, these pow-
ders recovered the texture and smell of fresh fruit. Control samples dried without
trehalose were more difficult to reconstitute, and a taste panel described the
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Figure 12 One of four fatty acid solutions (100 g) was mixed with 1 ml of a 5% solution
of sucrose, sorbitol, or trehalose or without adding a sugar solution (control). The solutions
were heated for 1 hour at 100°C, and the amount of remaining fatty acids was compared
with preincubation measurements. The results are recorded as percent decomposition of
the control sample. Fatty acids were assayed using gas chromatography.

aroma and flavor as denatured or ‘‘cooked.’’ The authors used gas chroma-
tography to quantitate the preservation of fruit volatiles from bananas, which
had been vacuum-dried at 37–40°C with or without 10% (w/w) trehalose. After
several months storage at room temperature, the banana purees dried without
trehalose exhibited a loss of flavor volatiles, whereas those dried with trehalose
showed a minimal loss. It was concluded that the purees dried with trehalose
retained most of the volatiles typical of fresh fruit (29).

Similar results were noticed for fresh herbs dried with trehalose. Control
products were reported to have lost flavor, aroma, and color during storage,
whereas rehydrated herbs dried with trehalose maintained their fresh color and
organoleptic properties (29).

Spinach was heated at 90°C for 30 seconds to inactivate enzymes. The
spinach was shredded and 10% (w/w) of various sugars were added. The spinach/
sugar preparations were dried at 55°C for 16 hours and heated in an oven at 100°C
for 3 hours to simulate maximum commercial heat stress (HBC, unpublished data,
1998). Color measurements using an L∗a∗b∗ colorimeter were taken after 3 hours
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Figure 13 Various sugars (10% w/w) were mixed with fresh spinach. Samples were
dried at 55°C for 16 hours, after which they were heated in a microwave at 100°C for 3
hours. Color measurements were taken after heating and reported as a-values.

in the oven. Figure 13 shows the differences in green color (a-value) compared
with a control sample where no sugar was added. In this study trehalose provided
the most beneficial effect for color preservation.

Ten grams of fish paste was mixed with 5 ml of 5% solutions of various
sugars. The prepared fish paste was boiled for 15 minutes. Percent release of
trimethylamines (a primary component of fishy odors) was measured for the vari-
ous sugar-containing preparations and a control sample (Fig. 14). A relative re-
lease value of 100% trimethylamine was used as the control when the fish paste
was boiled in the absence of any of the sugars. In comparison, fish paste boiled
after mixing with trehalose solution released 40%, whereas the fish paste using
sucrose released approximately 110% (HBC, unpublished data, 1998). In a simi-
lar experiment, trehalose or sorbitol was combined with fish paste at 10 and 20%
to test the release of aldehyde, ethylmercaptan, and trimethylamine (fish-related
smells) after boiling for 15 minutes. Ten percent trehalose reduced the release of
these chemicals compared with sorbitol by 3.1-, 2.9-, and 4.7-fold and in samples
containing 20% by 2.8-, 2.4-, and 5.2-fold, respectively.
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Figure 14 Ten grams of fish paste was mixed with 5 ml of a 5% solution of sucrose,
maltose, or trehalose. A fourth sample without the addition of a sugar was used as a
control. The samples were boiled for 15 minutes, and the relative release of trimethylamine
was measured, with the control representing 100%.

In food formulations, trehalose has been shown to preserve the color and
texture of cold or frozen foods. A 4% gelatin raspberry mousse was prepared
using sucrose or with a partial substitution of sucrose by trehalose. The mousse
was frozen (�18°C) for 1 week and then thawed at 4°C. The addition of trehalose
helped maintain 97.9% of the hardness and integrity of the dessert compared
with the mousse containing only sucrose (81%) (HBC, unpublished data, 1997).
We have not been able to duplicate this data in the United States.

Japanese commercial food processors have used trehalose in a variety of
food categories since 1995. They report that trehalose masks bitterness and en-
hances flavor in beverages, reduces sweetness, retards starch retrogradation, in-
creases moisture-holding capacity in bakery products, prevents Maillard reactions
in candies and light-colored soups, enhances reconstitution of dried noodles, and
prevents hygroscopicity in jellies and in various toppings (HBC, 1997, unpub-
lished data). Table 6 lists the multifunctional benefits of trehalose reported for
foods and provides the approximate amounts required for each effect. These con-
centrations are based on estimated values used in Japanese commercial products
discussed previously and on laboratory trials conducted by HBC.
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Table 6 Technical Effects of Trehalose

Approximate
Food category Technical effect trehalose addition

Bakery products Moisture retention 2% flour
Shelf-life extension
Crumb softener
Reduced sweetness
Reduced hygroscopicity

Frozen bakery products Protein preservation freeze-thaw 13–18%
stabilization

Shelf-life extension
Crumb softener

Frozen desserts Freeze-thaw stabilization 13–18%
Texture stabilization

Dairy-based foods and Texture stabilization 2–12.5%
toppings Texture stabilization

Flavor profile improvement
Dried, frozen, or pro- Color stabilization 5% of carrier solution

cessed fruits and veg- Texture stabilization
etables Flavor profile improvement

Masks bitterness
Beverages Flavor profile improvement 0.4% of product to

Color stabilization 50% of sugars
Reduced sweetness
pH stabilization
Masks bitterness

Jellies and gelatins Moisture retention 15–30% of sugars
Reduced sweetness
Reduced hygroscopicity
Color stabilization
Flavor profile improvement

Confectionery Reduced syneresis 5–40% of product
Shelf-life extension 5–80% of sugars
Moisture retention
Reduced sweetness
Reduced hygroscopicity
Texture improvement
Flavor profile improvement

Meats/fish/eggs Protein preservation 2–10%
Moisture retention
Texture improvement
Masks cooking odors
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XIII. CARIOGENICITY

The cause of dental caries and the method for intraoral plaque–pH telemetry
have been well documented and discussed in other chapters of this book (Chapters
17, 19). Trehalose was compressed into a lozenge with mint flavor. The change
in pH during consumption of the mint was studied under a standard protocol in
which a plaque-covered pH sensor is integrated into a removable, mandibular,
restorative device (49, 50). The pH did not drop below the critical value of 5.7
in any of the four subjects tested. With regard to nonfermentability, the mints
would, therefore, qualify for the ‘‘toothfriendly’’ claim.

A similar study was performed in Japan where trehalose was incorporated
into a chocolate candy (HBC, unpublished data, 1997). Four subjects dissolved
the chocolate (5.1 g) in their mouths, and the plaque pH was measured by an
indwelling electrode over a 30-minute period. A 10% sucrose solution was used
as a positive control. The pH did not drop below 5.7 in any of the four subjects
consuming the chocolate. This suggests that trehalose taken under these condi-
tions does not promote dental caries.

In vitro studies on the fermentability of trehalose using Streptococcus mu-
tans have shown that trehalose can be fermented (British Sugar, unpublished
data, 1998); however, the fermentation rate was lower than that of sucrose. In
vivo plaque-pH assays using the two different trehalose-containing products indi-
cate that the time during which trehalose is in contact with dental plaque is insuf-
ficient to result in critical plaque acidification. Furthermore, the amount of acid
formed during the period of trehalose exposure was either too small to reduce
the pH below 5.7 or may have been neutralized sufficiently by increased saliva
production during consumption of the mint or chocolate.

XIV. METABOLISM

Humans have long consumed trehalose in various foods, primarily young mush-
rooms and baker’s yeast (5, S Miyake, unpublished data, 1997). At present, treha-
lose is being used by the Japanese food industry at a rate of more than 1,000
metric tons per month. This will likely increase on an international scale as more
functional applications are found and additional regulatory approvals are granted.
The mechanism by which dietary trehalose is metabolized in mammals has been
studied and appears straightforward. Trehalose is not assimilated intact into the
body and has not been detected in blood. Like other disaccharides, it is hy-
drolyzed on the brush border of the intestinal enterocytes. The enzyme that hydro-
lyzes trehalose into its two glucose units is trehalase (1, 6). Trehalase is tightly
bound to the surface of the external side of the membrane microvilli in the small
intestine (51, 52). It is highly specific for trehalose, appears to have the highest
concentration in the proximal and middle jejunum, and declines toward the distal
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ileum (53). Trehalase hydrolyzes trehalose in close proximity to the enterocytes
where the two glucose molecules are transported into the body by a well-known
active transport system (54). Glucose uptake in the small intestine is efficient,
and studies have shown that each 30 cm of jejunum (10% of the total length of
the small intestine) can absorb 20 g of glucose per hour (55). In addition, during
the first hour after digestion, the stomach releases only about 50 g of glucose
into the duodenum (56). Disaccharides are known to retard gastric emptying, and
although trehalose has not been specifically tested, it is likely that it would have
a similar effect (57). Thus all ingested trehalose is hydrolyzed to glucose and
absorbed in the small intestine.

Only a few studies have examined the level of trehalase activity in the gut.
These have not always used the same endpoints or experimental conditions, so
it is not possible to make direct comparisons. It can be inferred from these studies
that, except in a few specific instances, the concentration of trehalase in the small
intestine of humans is sufficient to handle substantial amounts (at least 50 g in
a single ingestion) of trehalose.

Gudmand-Høyer et al. noted that trehalase and lactase activities in the gut
are similar (58). In the experience of the authors, a lactase activity of 6.0 IU/g
protein or less results in malaborption of lactose, whereas activities from 6.0 to
8.0 IU/g protein were considered intermediate and may or may not result in
malabsorption. The authors suggested that it may be appropriate to use a similar
standard for trehalase. They referred to a study of trehalase activity of intestinal
biopsies from 248 Danish patients in which the lowest level of activity in the
group was 8.3 IU/g. Furthermore, no trehalase deficiencies were identified in
more than 500 biopsies specimens of Danish subjects (58).

Welsh described intestinal trehalase activity in 123 Caucasian subjects
ranging in ages from 1 month to 93 years from the southwestern United States
(59). No significant differences in trehalase activity for all age groups or sex-
based differences were found. The lowest recorded values were 7 and 8 IU/g in
two infants 0 to 2 years of age (n � 70). No statistically significantly differences
in trehalase activity were found for any age group or sex. Importantly, trehalase
activity did not appear to wane with age.

In a study of 100 consecutive normal biopsy samples from adults (72 men,
28 women), two subjects with low trehalase activity (2.7 and 1.5 IU/g) were
identified (60). It was suggested by these authors that a trehalase value � 5
IU/g might result in intolerance of trehalose ingestion, which is similar to the
conclusion of Gudmand-Høyer et al. (58). In a second study, Bergoz tested 16
control subjects for their ability to assimilate trehalose (4). Each subject drank
50 g of glucose in water, followed within 2 days by a similar preparation of
trehalose. Blood glucose values were assayed after ingesting glucose or trehalose,
and the ratios of glucose absorbed were calculated. All control subjects tolerated
both test solutions and assimilated the glucose hydrolyzed from trehalose (ratio
� 0.70, range, 0.31–1.42); however, the time to peak blood glucose concentra-
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tions was slower after trehalose ingestion. A third study by Bergoz et al. reported
on 50 hospitalized control subjects (61). Patients were given glucose and treha-
lose oral tolerance tests as described previously. Control subjects had a median
absorption ratio of 0.70 (range, 0.31–1.52) and tolerated the trehalose exposure.
These values were essentially the same as in the second study.

Twenty patients in Czechoslovakia with no bowel symptoms or disease
were examined for trehalase activity (62). None of these subjects were considered
to be trehalase deficient (58).

Murray et al. reviewed several reports on trehalase activity in various
groups of patients, and presented data on 369 subjects from the U.K. with healthy
intestinal histology (62a). Of the 369 subjects, only 1 was shown to be slightly
deficient in trehalase activity. The authors used a different standard to classify
trehalase deficiency, and although not identical to the other methods it appears
that the data can be compared.

In summary, no indication of trehalase deficiency was reported in 500 biop-
sies specimens in a Danish population (58). Welsh’s group studied 123 subjects
from the Southwestern United States. The lowest value of trehalase activity was
7 IU/g in an infant(s) less than 1 year of age; however, there were no statistical
differences in means between age groups. In addition, no adults had low enzy-
matic levels (59). Bergoz et al. assayed biopsies specimens from 100 controls
and showed substantial trehalase values in 98 samples (60). Bergoz found no
abnormalities in trehalose absorption in 16 control patients (4). Fifty hospitalized
patients showed normal trehalose absorption (61). Twenty patients sampled in
Czechoslovakia did not display a trehalase deficiency, and only one of the 369
was found to have low activity in the U.K. (62, 62a). Taken together, it appears
that when trehalase activity assays or trehalose absorption tests are performed
on hundreds of control subjects, only a few individuals can be identified with
low trehalase activity. Importantly, this percentage (� 1%) appears substantially
less than for lactase and possibly other disaccharidase deficiencies (63).

Trehalase is also found in human peripheral blood, urine, kidney and liver,
and urine (64, 65). The serum concentrations of trehalase appear to be fairly
constant in an individual, although they can vary widely within the population.
Significant sex or age differences have not been reported. The presence of treha-
lase in these areas of the body do not appear to be related to the absorption of
trehalose from the gut.

XV. MALABSORPTION AND INTOLERANCE

Malabsorption and/or intolerance to trehalose has been reported (58–63). The
clinical symptoms and the pathophysiology appear to be identical to those seen
in other disaccharide malabsorption syndromes and are therefore self-limiting
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(58, 63). Few specific studies have been performed to identify the prevalence of
trehalose intolerance or have specifically related intestinal trehalase activity with
trehalose intolerance. It is believed that trehalose intolerance is substantially less
frequent than lactose intolerance with similar self-limiting consequences (63).

As reported previously, 100 consecutive normal biopsies specimens were
evaluated for trehalase activity (60). Two subjects had low trehalase activity. One
subject with the lowest trehalase activity was tested for trehalose malabsorption
and intolerance. No elevation in blood glucose was observed after consumption
of the trehalose; intestinal symptoms developed within the first hour. The authors
suggested that trehalase values less than 5 IU/g would result in symptoms. Bergoz
also identified a 71-year-old woman who reported abdominal pain when she in-
gested mushrooms (4). The patient and 16 control subjects were tested for glucose
and trehalose absorption and tolerance by consuming 50 g of both sugars in water.
The woman experienced intestinal distress starting about 20 minutes after ingest-
ing trehalose, but not glucose. The mean absorption ratio of trehalose to glucose
was 0.02 for the patient compared with 0.7 for controls.

A 24-year-old man complained of intestinal symptoms after eating mush-
rooms (62). The patient’s father, uncle, and two cousins also reported experienc-
ing similar symptoms when they ate mushrooms. Jejunal biopsies were taken
from immediate family members and 20 control patients (62). Trehalose and
glucose tolerance was tested with 50 g of each disaccharide. Trehalose ingestion
caused intestinal symptoms in the father and son; no trehalase activity was de-
tected in their biopsy tissue.

Murray et al. reported that only one of 369 subjects with normal histology
was deficient in trehalase, however, the subject was not tested for malabsorption
or intolerance (62a). Gudmand-Høyer et al. studied intestinal biopsies from 97
adult (50 women, 47 men) residents of Greenland (58). Eight subjects had treha-
lase activity values of less than 6 IU/g protein and another six had values less
than 8 IU/g. Three subjects with low trehalase activity (� 6 IU/g) were given
50 g of trehalose dissolved in water. No glucose was assimilated into the blood.
Lactase deficiency is found in approximately 60% of Greenlanders, and sucrase
deficiency is not uncommon. The percentage of trehalase deficiency in a fairly
closed genetic group and in a single family suggests a hereditary basis, as is seen
in other disaccharide deficiencies (58, 60).

XVI. AT-RISK POPULATIONS

It appears from studies that the consumption of all disaccharides, including treha-
lose, can be of concern in patients with intestinal malabsorption disorders (61,
62a, 66, 67). Patients with juvenile diabetes were tested for trehalase activity. It
does not appear that this condition results in a significant depression of trehalase
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activity, although the mean enzymatic activity of these patients in one study was
lower than controls (68).

Cerda and coworkers reported that in non-insulin-dependent diabetic pa-
tients with chronic pancreatic insufficiency, there was approximately a twofold
increase in trehalase and other disaccharidases (69). Patients with chronic renal
failure appear to have reduced levels of trehalase, but the reduction appears to
be less than for other disaccharides (70). The more common condition of lactase
deficiency (lactose intolerance) has not been shown to be correlated with a defi-
ciency of trehalase in the general population (71). From this information, it ap-
pears that the consumption of trehalose under various conditions presents no more
risk than any other disaccharide in a normal diet.

XVII. SAFETY STUDIES

Trehalose is considered a natural sugar for which humans have evolved and main-
tained an intestinal disaccharidase. Because trehalose is now only a minor compo-
nent of the human diet, little interest has been shown in studying possible effects
of higher consumption. In the early 1990s, Quadrant Holdings of Cambridge,
England, began investigating the possible use of trehalose for the health and food
industry and commissioned seven toxicological studies. With the advent of the
enzymatic production method of HBC and the subsequent reduction in cost, sev-
eral additional safety studies were initiated. At present, none of the studies sum-
marized in the following have been published; however, a number of them have
been submitted for publication in 2000.

A. Mouse Micronucleus, Chromosome Aberration, and
Bacterial Mutation Assays

All studies were performed by standard methods using trehalose (5, HBC, unpub-
lished data, 1997, 1997, 1995). Peak dosing concentrations for each assay were
5000 mg/kg, 5000 µg/ml and 5000 µg/plate, respectively. On the basis of the
criteria established by the protocol, it was concluded that trehalose did not show
a positive response (negative treatment effect) in any of the test systems.

B. Single Dose Oral Toxicity

Four studies were performed on mice, rats, and beagle dogs. The first study was
performed on rats using trehalose produced by HBC (HBC, unpublished data,
1995). The remaining three studies were performed using pharmaceutical grade
trehalose produced by Pfanstiehl Laboratories, Inc. (Quadrant Holdings, unpub-
lished data, 1994). The results are provided in Table 7.



Trehalose 455

Table 7 Four Acute Toxicological Studies Performed on Mice, Rats, and Beagle
Dogs Using Two Difference Preparations of Trehalose

Study Dose Conclusions

Trehalose crystals: acute Oral gavage 16 g/kg The acute lethal dose is
oral toxicity to the rat greater than 16 g/kg

body weight. Piloerec-
tion in all rats within 5
min of dosing lasting
through day 1. Occurred
at later intervals, but
stopped by day 4.

An acute toxicity study of Intravenous (IV) 1 g/kg No treatment-related mortal-
trehalose in the albino Oral gavage (OG) 5 g/kg ity, body weight
mouse changes, or systemic tox-

icity was evident.
An acute toxicity study of Intravenous (IV) 1 g/kg No acute signs of toxicity

trehalose in the albino Oral gavage (OG) 5 g/kg with either IV or OG
rat dose.

An acute toxicity study of Intravenous (IV) 1 g/kg No acute signs of toxicity
trehalose in the beagle 6 day washout with either IV or OG
dog Oral capsules 5 g/kg dose.

C. Acute Eye Irritation Study

Six male New Zealand White rabbits received a single 0.1-ml dose of a 10%
trehalose solution in the right eye (Quadrant Holdings, unpublished data, 1994).
The left eye was used as a control. Eyes were examined at 1, 24, 48, and 72
hours after application. No evidence of irritation was observed.

D. 7-Day Continuous Infusion Study

Three groups of five male Sprague-Dawley rats were dosed by continuous infu-
sion with a 10% solution of trehalose delivered at a rate of 400 mg/kg/hr, a 5%
solution of dextrose at 200 mg/kg/hr, or a 0.9% NaCl solution at 4 ml/kg/hr
(Quadrant Holdings, unpublished data, 1997). The solutions were administered
for 7 consecutive days through tail vein catheters. No clinical signs, changes in
body weights, or treatment-related findings at necropsy were observed. The only
untoward effect reported was osmotic nephrosis in the animals given trehalose.
This is thought to result from a lack of trehalase in the kidney of rats.
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E. 14-day Toxicity Studies

A 14-day toxicity study in CD-1 albino mice with pharmaceutical grade trehalose
was performed (Quadrant Holdings, unpublished data, 1994). Doses of 1 g/kg/
day by intravenous (IV) injection, 2.5 g/kg/day by subcutaneous injection, or 5
g/kg/day by oral gavage were administered for 14 consecutive days. No gross
or microscopic lesions attributable to trehalose were observed, and trehalose ap-
peared to be innocuous to the mice treated in these studies. In addition, there
were no effects on body weight or food consumption.

Beagle dogs were given doses of 1 g/kg/day by IV injection, 0.25 g/kg/day
subcutaneous injection, or 5 g/kg/day orally for 14 consecutive days (Quadrant
Holdings, unpublished data, 1994). No gross or microscopic lesions attributible
to trehalose were observed, indicating that trehalose appeared to be nontoxic.
The only condition observed was self-limiting loose stools in dogs given trehalose
orally. The loose stools are thought to be caused by osmotic pressure bringing
water into the gut, similar to that seen in human and other animals with lactase
or other disaccharidase deficiencies.

F. Thirteen-week Toxicity Study

A subchronic 13-week study was conducted to assess the effects of up to 50,000
ppm of trehalose in mice (HBC, unpublished data, 1997). Trehalose was well
tolerated and there was no evidence of toxicity. There was a slight reduction in
food consumption, with a concomitant reduction in weight gain in male mice. It
is believed that palatability was the cause of reduced food intake. Slight increases
in plasma glucose and reduction in plasma bilirubin and potassium were ob-
served. The results indicate a no-toxic-effect-level of 50,000 ppm.

G. Embryotoxicity, Teratogenicity, and Two-Generation
Reproductive Studies

Trehalose was fed in the diet to mated female rats from 0 to 21 days (HBC,
unpublished data, 1998) and to female rabbits from 0 to 29 days of gestation
(HBC, unpublished data, 1998). The concentration of trehalose was 2.5, 5, and
10% of the diet for both species, which equated to an intake of 1.4–2.0, 2.8–
3.9, and 5.5–7.8 g/kg/day for rats, and 0.21–0.77, 0.48–1.34, and 1.04–2.82 g/
kg/day for rabbits, respectively. Analysis of the results from both studies indi-
cated that trehalose did not induce maternal or developmental toxicity, even at
the highest concentration.

Two generations of male and female rats were fed trehalose in the diet at
concentrations of 2.5, 5, and 10% (HBC, unpublished data, 1999). The consump-
tion by males of the two generations ranged from 1.24–2.90, 2.38–5.65, and
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4.89–12.43 g/kg/day, respectively. The range of consumption by female rats
(including premating, during gestation, and during lactation) was 1.06–5.46,
2.22–11.49, and 4.40–23.2 g/kg/day, respectively. No treatment effects were
observed on any variables of adult males and females, offspring, or reproduction.

XVIII. CONCLUSIONS

Trehalose is a relatively new entry to the food industry, but has had a long history
as a natural part of the human diet. Although trehalose consumption in particular
foods is not a large part of our modern diet, the total amount of trehalose con-
sumed can be substantial when the contribution of these trehalose-containing
foods is considered as a whole.

The ability to digest trehalose depends on the presence of the enzyme treha-
lase. From available information, it appears that only a relatively small percentage
of people in a western population lack this enzyme. Intolerance to trehalose ap-
pears to be far less common than intolerance to lactose, and both are believed
to have a genetic basis.

More than 30,000 metric tons of trehalose added to food products will be
consumed in the Japanese market by the end of 1999 without any known reports
of intolerance. In addition, symptoms of intolerance to trehalose are identical to
those observed in individuals with intolerances to other disaccharides. Safety
studies have demonstrated that there are no consistent untoward effects associated
with the consumption of trehalose.

From information presented in this chapter, it would appear that trehalose
has functional properties that may be of great interest to the food, cosmetic, and
pharmaceutical industries. Heretofore, the cost of trehalose precluded its use in
all but the highest value products. With the advent of the new enzymatic produc-
tion process invented by HBC, trehalose is now priced where its use in cost-
sensitive applications can by justified.

Trehalose is approved as a food additive in Japan and as a food ingredient
in Taiwan and Korea. It is approved as a novel food for use in the preservation
of freeze-dried products in the U.K. Recently JECFA approved trehalose with
no specified ADI, and the U.S. FDA had no objection to the GRAS notification
submitted by HBC. Regulatory approval in Europe is being sought.
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Previous chapters have dealt with the properties and functionality of several cur-
rently approved sweeteners or compounds under development or consideration.
The requirements for the ideal sweetener or sugar substitute, as usually defined
(1) are to:

1. Have the taste and functional properties of sugar
2. Have low-calorie density on a sweetness equivalency basis
3. Be physiologically inert
4. Be nontoxic
5. Be noncariogenic
6. Compete economically with other sweeteners

An analysis of the organoleptic or functional properties of each single sweetener
clearly shows that none of the currently known sugar substitutes comes close to
the taste and functional properties of sucrose. Most exhibit one or more of these
differences:

1. Taste properties such as sweetness lag, undesirable and lingering after-
taste, narrow taste profile, or bitterness. For example, saccharin is gen-
erally reported to have a bitter aftertaste (2); stevioside, to have a men-
thol aftertaste (3); and aspartame, to have a delayed sweetness (4).

2. Lack of bulking properties.
3. Stability problems during processing and storage. For example, aspar-

tame loses its sweetness in aqueous solutions and is not stable at high
temperatures (5); thaumatin reacts with tannins and loses its sweetness
(6).
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4. Competitive prices. For example, saccharin and cyclamate reportedly
cost, on a sweetness equivalency basis, less than sucrose and other
nutritive sweeteners. On the other hand, in the United States, the new
sweeteners cost significantly more (7) than saccharin.

The food industry has partially overcome the bulking limitations in some selected
applications. With the expansion of polydextrose use and the availability of poly-
ols such as isomalt, maltitol, and sorbitol, other reduced-calorie products based
on combinations of polydextrose and/or on polyols and intense sweeteners have
been introduced in the U.S. market. Fibers and fibers and polydextrose have also
recently found expanded use as bulking agents. However, this problem is univer-
sal for all intense sweeteners; thus, it will not be discussed in this chapter. Except
for the bulk issue, by far the most important limitations to consumer acceptability
are taste properties and cost.

The use of more than one sweetener provides the food technologist with
a tool for overcoming these taste limitations. The advantages of combining sweet-
eners are many; some of the aims and goals are to:

1. Formulate products that closely imitate the taste and stability of their
sugar-sweetened counterparts

Figure 1 Sweetness profile of aqueous solutions of sucrose versus a sodium saccharin/
sodium cyclamate combination (1:10).
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2. Create totally new taste experiences by using sweeteners in the same
manner the food industry uses flavors (8)

3. Meet cost restrains

Two interesting observations made by Paul (9) in 1921 led to the subsequent
practice of combining sweeteners. Paul, as cited by Mitchell and Pearson (10),
observed that the relative sweetness of an intense sweetener decreases with in-
creasing concentration and that when combining two sweeteners, each sweetener
will at least contribute the relative sweetness on the sweetness concentration
curve. In other words, less of each sweetener is required when two or more sweet-
eners are used to achieve the same final sweetness achieved by the use of a single
sweetener. These observations formed the basis for extensive work on the effects
and benefits of using a combination of sweeteners.

Indeed, the use of combined sweeteners in food applications has been and
is currently being practiced by the food industry. Before the cyclamate ban in the
United States, the food industry used a combination of saccharin and cyclamate
in the formulation of products. This mixture showed synergistic properties and
improved taste profile as shown in Fig. 1. For comparison, the taste profile of
saccharin against sucrose is shown in Fig. 2. With the approval of aspartame
and acesulfame-K and their expanded use worldwide, several intense sweetener

Figure 2 Sweetness profile of aqueous solutions of sucrose versus sodium saccharin.
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Figure 3 Sweetness profile of aqueous solutions of sucrose versus a sodium saccharin/
aspartame/sodium cyclamate combination (1:5:8).

mixtures are being used in many foods and beverages. Fig. 3 shows the taste
profile of an aqueous solution sweetened with a saccharin/aspartame/cyclamate
mixture in the ratio of 1:5:8, respectively. These data clearly demonstrate that
combined sweeteners result in an improved sweetness profile compared with each
of the single sweeteners. In addition to the sweetness profile, the quality of the
taste is significantly improved, as shown in organoleptic tests conducted in our
laboratories. Verdi and Hood (11) provide a good summary of some of the advan-
tages of intense sweetener blends. Applications of combined sweeteners in vari-
ous products are discussed in the remaining section of this chapter.

I. APPLICATIONS

A. Tabletop

Tabletop sweeteners are a major product category used by consumers for a variety
of applications. They are commonly available as powders packed in bulk or sa-
chets, as tablets, or as liquids. The effective amount of sweetener or sweetener
combinations required to provide the sweetness equivalency of two teaspoons
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Table 1 Typical Effective Amounts of Sweeteners or
Sweetener Combinations in Tabletop Applications

Amount
Sweetener (mg)a

Sodium saccharin 30–40
Sodium cyclamate 150–200
Aspartame 35–45
Acesulfame-K 50–60
Sucralose 12–15
Sodium cyclamate/sodium saccharin 80/8
Aspartame/sodium saccharin 5/15
Acesulfame-K/aspartame 30/3
Aspartame/sodium saccharin/sodium cyclamate 10/4/30

a Effective amount required to provide the sweetness equivalency of two
teaspoons (10 g) of sugar to one cup (240 ml) of coffee.

Source: Refs. 1 and 12.

(10 g) of sugar to 1 cup (240 ml) of coffee is given in Table 1. This table clearly
illustrates the reduction in the level of sweetness ingested when a combination
of sweeteners is used. When a mixture of saccharin/cyclamate is used, the amount
of saccharin is reduced by a factor of 5 (i.e., 40 mg alone to 8 mg in combination),
and the amount of cyclamate by a factor of 2.5 (i.e., 200 mg alone to 80 mg in
combination) compared with the use of any one single sweetener. Similarly, in the
case of an aspartame/saccharin mixture, the level of aspartame may be reduced by
a factor of 10, and saccharin by a factor of 2.

Several patents and articles describe the synergism among aspartame, sac-
charin, cyclamate, acesulfame-K, and other sweeteners. Scott described the use
of aspartame in combination with saccharin, cyclamate, or both to provide bever-
ages with improved taste and consumer acceptability (12, 13). In a 1973 patent,
Scott described the use of aspartame with saccharin in a ratio range of 15:1 to
1:15 (13). A patent issued to General Foods discloses a sweetening composition
containing aspartame, saccharin, and cyclamate (14). The inventors state that the
sweetness is intense and lacks the lingering or bitter aftertaste associated with
these sweeteners singly. A patent issued to E.R. Squibb proposes the use of ‘‘di-
peptides’’ and saccharin, with the dipeptides masking the bitter aftertaste of sac-
charin (15–17). The saccharin to dipeptide ratio is 48:1.

Taste panels conducted in our laboratories on tabletop preparations confirm
the superiority of a combination of aspartame with saccharin, cyclamate, or
acesulfame-K over any of these sweeteners singly. Panelists judged the taste qual-
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ity of coffee sweetened with a combination of sweeteners closely resembling the
taste quality of sugar-sweetened coffee. Studies conducted in our laboratories
suggest that aspartame/saccharin and aspartame/cyclamate combinations have
improved stability, even in hot aqueous solutions, and also exhibit superior taste
profiles. The superior taste may be associated with flavor-enhancing properties
of aspartame.

From 20–30% of tabletop sweeteners are sold in bulk in the United States,
a significant portion of which is used in cooking and baking. Consumers who
cook with artificial sweeteners are usually those who must restrict their sugar
intake for medical reasons. Saccharin, aspartame, acesulfame-K, and sucralose
are approved for sale in bulk in the United States.

The liquid tabletop sweetener market represents approximately 10% of the
U.S. sales. Aspartame-based products may not be feasible for this application
because of their limited stability in aqueous solutions.

In Europe, most tabletop products are formulated with a combination of
sweeteners. The commercial products include traditional combinations of saccha-
rin and cyclamate and a combination of acesulfame-K and aspartame.

In summary, tabletop formulations using a single sweetener meet the cur-
rent needs of the consuming public; however, each preparation has one or more
serious defects, such as taste or stability. The consensus of experts and consumers
is that tabletop preparations combining two or more sweeteners are superior in
taste and stability and more closely imitate the sweetness of sucrose.

B. Carbonated Beverages

Low-calorie soft drinks represent a significant segment of the market. Current
market share of low-calorie carbonated beverages reportedly exceeds 25% of the
total market. Until the approval of aspartame for use in carbonated beverages in
the United States, only saccharin was available. The level of saccharin used to
sweeten one fluid ounce varies between 8 and 11mg; the actual level depends
on the soft drink flavor and the product brand. To achieve similar sweetness levels
with aspartame as the single-source sweetener, significantly greater amounts of
aspartame are required. Table 2 summarizes the levels of saccharin and aspartame
used in selected soft drinks and syrups, showing that, on the average, the amount
of aspartame used is about 1.5 times the amount of sodium saccharin when each
of the sweeteners is used alone.

Once regulatory approval was granted to aspartame, it became the most
widely used sweetener in soft drinks.

Aspartame-based beverages lose sweetness as a function of storage time,
temperature, and pH. Data submitted by G.D. Searle to the Food and Drug Ad-
ministration (FDA) (18) indicate that about 50% of the initial aspartame remains
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Table 2 Typical Concentrations of Saccharin and
Aspartame in Selected Soft Drinks and Syrups

Sodium
saccharina Aspartameb

Flavor (mg/100 ml) (mg/100 ml)

Soft drinks
Cola 31–42 57.7
Orange 37–38 92.6
Lemon-lime 26–42 50.1
Root beer 27–37 60.5

Syrups
Cola — 347.6
Orange — 401.0
Lemon-lime — 234.2
Root beer — 355.2

a From Ref. 12.
b From Ref. 14.

in cola beverages stored at 30°C for 24 weeks (Fig. 4). In cola syrups (pH 2.4),
75% of the initial aspartame remains after 2 weeks storage at 30°C (Fig. 5).

Combination sweeteners have been used by the soft drink industry for many
years. Superior products were available when cyclamate and saccharin were both
approved by the FDA. Most products used 10:1 cyclamate/saccharin combina-
tions because this ratio provided acceptable products. The ban of cyclamate in
the United States resulted in significant deterioration in the taste profile of soft
drinks that did use saccharin as the single sweetener. The use of aspartame in
combination with saccharin is described by G.D. Searle (19). Cola beverages
sweetened with aspartame and saccharin at a ratio of 1:1 and stored at 20°C
show significantly better sweetness stability than cola beverages sweetened with
aspartame alone and stored under the same conditions. The performance of this
combination of sweeteners is exceptional. The pH of the aspartame/saccharin
product is lower than the pH of the aspartame-sweetened product (pH 2.8 versus
3.05, respectively). The data are shown in Fig. 6.

After the approval of aspartame in the United States, beverage manufactur-
ers announced their plans to introduce soft drinks containing a combination of
aspartame and saccharin. One cola beverage marketed at that time contained ap-
proximately 18 mg of saccharin and 8 mg of aspartame per 100 ml.

Marketing and other considerations have led major soft drink manufactur-
ers to convert to 100% aspartame in the United States and in the United Kingdom
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Figure 4 Aspartame (APM) stability in carbonated cola beverages stored at 30°C.
(From Ref. 17.)

in bottled and canned drinks. However, in other markets, products contain-
ing two or more intense sweeteners were introduced. For example, a major soft
drink manufacturer markets products that contain saccharin, aspartame, and
acesulfame-K.

Experiments conducted in our laboratory indicate that the addition of very
small amounts of aspartame, in accordance with the specifications of the Lavia
and Hill patent (15) improve the acceptance of saccharin-sweetened soft drinks.
The cola beverages evaluated were sweetened with 33 mg saccharin per 100 ml.
The addition of 0.7 mg aspartame to 100 ml of the saccharin-sweetened beverage
(0.0007% concentration) resulted in a significant consumer preference for the
beverage. It is clear that the use of aspartame at this concentration falls below
the sweetness threshold of aspartame, which, according to Beck, is in the range
of 0.007–0.001% (4).

The expiration of the U.S. patent on aspartame and the approval of
acesulfame-K for use in soft drinks resulted in marketing changes and renewed
interest in using a combination of sweeteners. The most important of these devel-
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Figure 5 Aspartame (APM) stability in cola syrup at 30°C. (From Ref. 17.)

Figure 6 Average scores for sweetness of cola carbonated beverages stored at 20°C
over a period of 52 weeks. (From Ref. 17.)
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opments is the introduction of a new brand of cola beverage, which is sweetened
with a combination of acesulfame-K and aspartame. This product contains 70
mg of aspartame and 22.7 mg of acesulfame-K per 8 oz. Another cola-based
beverage uses a combination of saccharin and aspartame. This product contains
63 mg of sodium saccharin and 19 mg of aspartame per 8 oz. For comparison,
the 100% sweetened cola contains 125 mg per 8 oz of aspartame.

Acesulfame-K and aspartame show a sweetness enhancement of about 35%
when used in combination. In addition to sweetness enhancement, aspartame
broadens the taste profile of acesulfame-K and brings the taste of the mixture
closer to the sweetness profile of sucrose.

Aspartame and cyclamate combinations may also prove highly beneficial
if cyclamates are approved in soft drinks. Acesulfame-K and cyclamate is another
combination that is of interest because it yields excellent taste quality and excep-
tional storage stability.

The recent approval of sucralose in the United States has not yet resulted
in a major introduction of soft drinks based on a combination of sucralose with
other sweeteners. However, soft drinks containing sucralose as the single sweet-
ener are available in Canada and the United States.

Experiments conducted in our laboratories indicate that neohesperidin dihy-
drochalcone (NHDC), when used as a single sweetener, is inadequate for the
preparation of soft drinks. However, when used in combination with saccharin,
NHDC has a synergistic effect and gives improved taste perceptions. This finding
is in accordance with observations described in the patent literature (20).

Stevioside was also recently evaluated as a single sweetener in cola bever-
ages. Results were discouraging. The beverages had a licorice-like taste and were
judged unacceptable. Fructose and stevioside are successfully combined in Japan
to produce reduced-calorie soft drinks (50% reduction). These products enjoy
good consumer acceptance in Japan (21).

Moskowitz addressed the issue of sweetness optimization in cola-flavored
beverages using combination sweeteners (22) and presented a quantitative model
for developing products acceptable to the consumer. Hoppe discussed the effect
of various mixtures of sucrose, saccharin, and cyclamate on sweetness perception
in aqueous solutions (23). Van Tornout et al. (24) evaluated the taste characteris-
tics of mixtures of fructose with saccharin, aspartame, and acesulfame-K in soft
drinks. Their data indicate that combinations of small amounts of fructose with
these intense sweeteners result in soft drinks that cannot be distinguished from
sucrose-sweetened beverages. All these data indicate the benefits to the consumer
that can be derived from the use of combination sweeteners in soft drinks.

C. Dry Mixes

This category encompasses a variety of food products that are sold in dry form
and are reconstituted by the consumer before use. They include beverage mixes,
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Table 3 Typical Concentrations of Saccharin and Aspartame
in Selected Dry-Mix Products

Product Sodium saccharina Aspartameb

Beverage mix 27–34 40–55b

Gelatin dessert 21–28 19–44
Puddings 20–25 50–60

a Concentration in mg/100 g of reconstituted product.
b Beck (5) suggests using 50–65 mg/100 g.

presweetened cereals, puddings, and desserts. In the United States, until the ap-
proval of aspartame, saccharin was the only intense sweetener used in this appli-
cation. The approval of aspartame resulted in significant proliferation of these
products in the market positioned as reduced-calorie and sugar-free. These
aspartame-sweetened products have enjoyed wide consumer acceptance. To date,
no dry mix products are available in the United States using combinations of
saccharin and aspartame, although in the past, cyclamate/saccharin combinations
were used. Table 3 provides a comparison of typical concentrations of saccharin
and aspartame in selected products. The table clearly shows that, in these applica-
tions, the effective aspartame level is about twice the effective sodium saccharin
level. The approval of acesulfame-K for use in these products and the expiration
of the U.S. patent on aspartame resulted in the introduction of several products
sweetened with a combination of aspartame and acesulfame-K.

A combination of saccharin/aspartame, with a concentration of 15–20 mg
sodium saccharin and 6–10 mg aspartame, in 100 g of finished product yields a
highly acceptable product and is significantly less expensive. In addition, such
a combination represents a major reduction in the consumption of each of the
sweeteners: almost a 50% reduction in sodium saccharin and about a 75% reduc-
tion in aspartame. Most importantly, results of consumer tests conducted in our
laboratory clearly indicate the superiority of the products sweetened with a com-
bination of the two sweeteners. Similarly, combinations of acesulfame-K and
aspartame yield products with a taste profile much more closely resembling that
of the sucrose-sweetened products than those sweetened with either intense
sweetener singly.

D. Chewing Gums

Sugarless chewing gums represent a significant segment of the chewing gum
market. These gums typically contain sorbitol, mannitol, and/or xylitol as the
bulking agents to replace sugar. However, the sweetness intensity of sorbitol
and mannitol is about half that of sucrose. These gums receive lower consumer
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acceptance because of lack of sweetness and flavor; therefore, intense sweeteners
have been and are being used to improve the taste qualities of these products.

Saccharin is used in sugarless gums at concentrations between 0.1 and
0.2%. A typical chewing gum stick, weighing approximately 3 g, contains from
3 to 6 mg of saccharin. Several patents indicate the use of insoluble saccharin
to produce chewing gums with long-lasting flavor (25, 26). Taste tests comparing
the sweetness quality of chewing gums with and without saccharin establish the
superiority of the saccharin-sweetened products. Saccharin taste does not seem to
be a limiting factor in this application because of the low saccharin concentration.

Figure 7 illustrates the sweetness-duration properties of chewing gums con-
taining saccharin acid compared with chewing gums containing the same concen-
tration of sodium saccharin. Figure 8, which shows the overall quality rating of
the same chewing gums on a scale of 0 (dislike extremely) to 4 (neither like nor
dislike) to 8 (like extremely) clearly shows consumer preference for the chewing
gum containing the insoluble saccharin. Because of its relatively low sweetness
intensity, cyclamate is not used as a single sweetener by the chewing gum indus-
try. Before the U.S. ban on cyclamates, cyclamate/saccharin combinations were
commonly used at ratios between 2:1 and 10:1. Chewing gums using this combi-
nation of sweeteners were acceptable and had taste profiles similar to sugar-based
products. FDA regulations allow the use of aspartame in chewing gum, both as
a sweetener and flavor enhancer (18). The literature describes the use of aspar-
tame in chewing gum at levels of 0.3% or higher (27). These gums are reported
to have longer lasting flavors.

One of the problems encountered by chewing gum manufacturers in their
use of aspartame is the relative instability of aspartame in chewing gums. A
patent issued to General Foods describes a method for stabilizing aspartame-
containing gums by removing the calcium carbonate filler from the gum base
formulation and replacing it with talc (28). This procedure apparently alters the
pH of the gum base and results in a slower rate of aspartame decomposition.

A method investigated in the industry is the application of aspartame only
on the surface of the gum through dusting or glazing (29). This technique, al-
though technically successful, presents consumer acceptance problems. Recently,
encapsulation techniques have been investigated and are reportedly used by some
chewing gum manufacturers to overcome sweetness loss and to extend the sweet-
ness and flavor of both aspartame- and saccharin-sweetened products.

Beck (5) describes the use of a combination of aspartame and saccharin in
chewing gum. The ratio used was 2:1, aspartame to saccharin. This gum was
preferred to gum containing any of the single sweeteners. Furthermore, although
no stability data are available on this combination of sweeteners, it is believed
that stability will be significantly improved. Several products containing aspar-
tame and mixtures of aspartame and saccharin were evaluated. Figure 9 provides
a sweetness profile of chewing gums containing a mixture of saccharin and aspar-
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Figure 7 Sweetness intensity of chewing gums with sodium saccharin and saccharin
acid.

tame. The data clearly show that this product exhibits longer lasting sweetness
properties.

The approval of acesulfame-K in the United States resulted in the introduc-
tion of chewing gums sweetened with this sweetener alone and with a combina-
tion of acesulfame-K and aspartame. Such products are also available in Europe.
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Figure 8 Overall acceptability rating of chewing gums with sodium saccharin and sac-
charin acid.

Preliminary experiments conducted in our laboratory indicate that the use of a
combination of sweeteners in chewing gums presents many advantages to the
manufacturer and the consumer. Major U.S. chewing gum manufacturers have
recently introduced acesulfame-K/aspartame-sweetened products.

Several other sweeteners have been investigated. Experiments conducted
with NHDC indicate that this sweetener is good in chewing gum applications.
It is stable and provides an acceptable sweetness profile and flavor-enhancing
properties (30). Stevioside is currently used in sugarless gums in Japan. Although
the products lack the sensory qualities of saccharin- or aspartame-sweetened
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Figure 9 Sweetness intensity of chewing gums containing a mixture of saccharin and
aspartame.
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products, they enjoy high consumer acceptance in Japan (Maruzen Fine Chemi-
cals, personal communication, 1982).

E. Processed Foods

This application category includes a variety of food products. Heat-processed
foods, which include baked goods and canned dried foods, represent a variety
of low-calorie products. Refrigerated and frozen products also use low-calorie
sweeteners.

Saccharin is extensively used in baked products, especially by diabetics.
It is estimated that approximately 40% of the bulk tabletop sweetener products
marketed in the United States and Europe are used in baked goods (M. Eisenstadt,
personal communication, 1999). Recipes that use saccharin tabletop sweeteners
are available (31). Saccharin’s heat stability makes it a good functional sweetener
for this application.

The availability of a number of bulking agents such as polydextrose and
the polyols (e.g., sorbitol, isomalt, and maltitol) have made it possible to intro-
duce several reduced-calorie and sugar-free cookies, cakes, and cake mixes.
In the United States, these products use acesulfame-K or a combination of
acesulfame-K and aspartame as the intense sweetener.

The instability of aspartame at high temperatures limits its use in this appli-
cation. However, recipes are available for preparing baked products to which
aspartame is added after baking and cooling (32). Aspartame added to baked
goods at low levels improves their aroma (33). Lim et al. (34) reported on the
use of combinations of intense sweeteners in cookies.

The use of aspartame in frozen desserts and other liquid products in the
United States has proliferated since approval in these applications was granted
by the FDA. Beck has reported that aspartame-sweetened frozen desserts were
preferred by a taste panel to ice milk (4, 5). Aspartame also performs well in
frozen beverages (35), no-bake cheesecake, yogurt, and other products. No-sugar-
added ice cream and frozen desserts have become available in the United States.
These products generally use polyols and polydextrose and a combination of
aspartame and acesulfame-K.

Cyclamate/saccharin combinations, when available, were extensively used
in baked goods because of the heat stability of this combination. Cyclamate/
saccharin ratios range from 2:1 to 10:1 in most uses, with 10:1 being the pre-
ferred ratio when organoleptic considerations were taken into account. Similarly,
this combination was used in low-calorie frozen desserts, salad dressings, jams,
and jellies. Blends of acesulfame-K and aspartame are used in Europe in this
category of product applications.
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II. CONCLUSIONS

The search for the ideal noncaloric sugar substitute will continue. The ideal
sweetener must not only meet the taste and functional properties of sugar but
can also undoubtedly create opportunities for new products that are not yet possi-
ble with currently available ingredients. On the basis of available evidence, the
likelihood of identifying a single compound capable of meeting all requirements
of all food applications is extremely small. Thus, the use of multiple sweeteners,
specifically designed to meet desired taste and functional characteristics in a spe-
cific food application, is the most logical and promising route. Market develop-
ments in the last few years clearly suggest that a combination of sweeteners is
being well received by consumers.
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I. INTRODUCTION

Aspartame-acesulfame is the first commercially viable member of a group of
compounds called sweetener-sweetener salts. These salts owe their existence to
the fact that some intense sweeteners form positively charged ions in solution,
whereas others are negative. It is thus theoretically possible to combine two oppo-
sitely charged sweeteners to create a compound in which each molecule contains
both ‘‘parent’’ sweeteners. To look at this another way, many currently permitted
sweeteners are sold as their metal salts, for example, sodium cyclamate, calcium
saccharin, acesulfame potassium. In a sweetener-sweetener salt, the positively
charged metal ion—sodium, calcium, or potassium—is replaced by another
sweetener, which itself carries a positive charge.

Aspartame was probably the first realistic candidate for this role of posi-
tively charged sweetener, although there have since been others, such as alitame.
Despite the availability of aspartame for decades, the practical difficulties of pre-
paring sweetener-sweetener salts seem to have defeated most researchers. The
patent literature records only one attempt at laboratory synthesis (1) via a route
involving dissolution of an unstable form of the negatively charged sweetener
in a toxic organic solvent, a procedure that produces only small quantities of
poor crystals. Realistic commercial manufacture would require a synthesis that
could be carried out in an aqueous medium and that satisfied both food industry
demands for purity and commercial requirements for economic yield. This was

481
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achieved in 1995, when Fry and Van Soolingen (2) invented such a process and
used it to produce a range of intense sweetener salts, including the first, unique
crystals of aspartame-acesulfame. Patent applications on the Fry-Van Soolingen
method have been filed widely, including in Europe (2) and the United States
(3). Also the subject of patents is the aspartame-acesulfame compound itself.
From all the possible sweetener-sweetener salts, this latter has become the leading
candidate for full commercial production, and its introduction is being carried
out by Holland Sweetener Company under their trademark Twinsweet.

The reasons for marketing this particular salt are clear. First, there are the
well-known advantages of blending aspartame with acesulfame-K. For example,
in the case of liquid products, these two sweeteners together offer greater sweet-
ness stability and longer shelf-life compared with aspartame alone. In addition,
aspartame and acesulfame-K exhibit quantitative synergy, which means that,
when used jointly, they are a more potent sweetener than would have been ex-
pected based on their properties used independently. Furthermore, the quality of
sweetness is improved by blending the two. The best features of the sweetness
profiles of each come to the fore when they are combined, and a favored blend
to achieve this is 60:40 by weight of aspartame and acesulfame-K, respectively.
This ratio happens to be equimolar (equal numbers of molecules of each) and is
exactly the ratio in which the sweeteners appear in the aspartame-acesulfame
salt.

These quantitative and qualitative synergies between this pair of sweeteners
have fostered an enormous growth in their joint use, as well as a general accep-
tance that blended sweetener systems can often offer the consumer a better taste
than single sweeteners alone, however ‘‘sugarlike’’ the latter are claimed to be.
Yet mechanical blends of aspartame and acesulfame-K are not without technolog-
ical problems (4, 5). There are issues of dissolution time, hygroscopicity, and
the homogeneity of powder mixes, all of which bear on the ease of use of physical
mixtures of these sweeteners and the quality of consumer products made with
them. In the creation of the novel crystalline form of Twinsweet, where aspartame
and acesulfame are combined at the molecular level, these issues have been
largely resolved.

The way aspartame and acesulfame are combined in the salt gives rise to
yet more advantages. For example, the molecular arrangement in such that, in
the solid, access to the free amino group of the aspartyl moiety is hindered. The
availability of this group is critical to the (in)stability of aspartame when used
conventionally as a separate sweetener in certain low-moisture applications, such
as sugar-free confectionery, especially chewing gum. Where these products in-
clude flavors high in aldehyde content, there is a risk that aspartame is degraded
through reaction with the flavor. This can shorten the shelf-life unacceptably
because there is simultaneous loss of both flavor and sweetness. The hindered
structure of the solid aspartame-acesulfame salt, however, is less susceptible to
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aldehyde attack, and the salt can be used successfully to create products of accept-
able shelf-life.

It will be apparent, however, that the advantages of aspartame-acesulfame
are not confined to its physicochemical properties as a solid. Because it provides
two sweetening components in each molecule of the crystalline material, the salt
represents a saving on the number of raw materials to be purchased, stored, and
handled. In addition, the salt is a more concentrated source of sweetness than
the blend because it is free of potassium and lower in moisture content. As a
result, the sweetener-sweetener salt provides 11% more sweetness on a weight-
for-weight basis than the corresponding equimolar blend, which is a modest but
real advantage to those handling large quantities of low-calorie sweeteners.

Finally, aspartame-acesulfame poses no new toxicological issues. The
sweetener-sweetener salt dissociates immediately on solution in water. In doing
so it releases the same sweetener molecules that would be present were a mere
mixture of aspartame and acesulfame-K to have been used. Consequently, the
consumer is exposed only to known, permitted sweeteners.

For all the above reasons, aspartame-acesulfame was the sweetener-
sweetener salt preferred for commercial development, and these and other attri-
butes of Twinsweet are discussed further below.

II. PRODUCTION

In the patented process (2), aspartame-acesulfame is made by combining aspar-
tame and acesulfame-K in an aqueous acid solution. The trans-salification reac-
tion is depicted in Fig. 1. The sweetener-sweetener salt is subsequently crystal-
lized, separated, washed, and dried.

All the components used are commercially available and of food grade. No
unusual forms of the sweeteners and no organic solvents are used. No additional
purification of the salt is necessary. This is because, as is apparent from Figure
1, the preparation of the salt is, in effect, also a recrystallization of the start-
ing materials. As might be expected of such a process, the resultant aspartame-
acesulfame has a higher degree of purity than even the food-grade raw materials.
Moreover, the process introduces no new impurities, and so neatly combines
synthesis with purification.

III. PHYSICAL AND OTHER DATA

Table 1 lists the main characteristics of aspartame-acesulfame.
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Figure 1 Reaction scheme for the preparation of aspartame-acesulfame (APM-Ace)
from aspartame (APM ) and acesulfame-K (AceK ). (From Ref. 4.)

IV. RELATIVE SWEETNESS

As described previously, each molecule of aspartame-acesulfame contains one
molecule of aspartame and one of acesulfame, and these are released immediately
when the salt is dissolved. From these observations, it is to be expected that the
salt would exhibit the same sweetness as an equimolar blend of the two parent
sweeteners, aspartame and acesulfame-K. This is so in practice. Taste panel tests
(4, 6), using solutions both in water and in a model soft drink base (a citrate
buffer of pH value 3.2), show exactly the same sweetness for the salt and an
appropriate equimolar blend of aspartame and acesulfame-K suitably adjusted
for the weight caused by the presence of extra potassium ions and moisture in
the blend.

Figure 2 shows the concentration dependence of the sweetness of Twin-
sweet in these two solvents. The acid model system was included because, in
practice, most intense sweeteners are used in acid foods, and beverages and taste
panel data obtained for such a system are more closely representative of most
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Table 1 Physical and Other Data

Appearance White, odorless, crystalline powder
Taste Clean sweet taste, with rapid onset and no lingering

sweetness or off-taste
Chemical formula C18H23O9N3S
Molecular weight 457.56
Loss on drying Not more than 0.5%
Assay (on dried basis) Not less than 63.0% and not more than 66.0% of aspartame,

not less than 34.0% and not more than 37.0% of
acesulfame calculated as acid form

Melting point Decomposes before melting
Solubility Temperature Solubility

(°C) (% weight in water)
10 1.82
21 2.75
40 5.53
75 48.1

pH of solution 2–3 (0.3% by weight in water, room temperature)
Tapped bulk density 650–750 kg/m3

Source: Holland Sweetener Company, Geleen, The Netherlands.

Figure 2 Equivalent sweetness of aspartame-acesulfame (Twinsweet) in water and in
citrate buffer of pH 3.2.
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real applications than tests conducted with water. Figure 2 indicates a relative
sweetness figure for Twinsweet of about 350 times as sweet as sucrose in water
and 400 times as sweet in pH 3.2 citrate at 4% sucrose equivalence. The higher
relative sweetness in the citrate buffer is consistent with observations of the be-
havior of aspartame, which also tastes sweeter in acid solution than in water.

Across the full range of concentration, the relative sweetness of Twinsweet
is 11% higher than could be obtained from the same weight of an equimolar
mixture of aspartame with acesulfame-K. This is because the sweetener-
sweetener salt contains only active sweeteners and no potassium. The latter ac-
counts for 19.4% of acesulfame-K by weight but contributes no sweetness. In a
similar vein, Twinsweet has a very low moisture content, whereas the aspartame
component of a physical blend can contain up to 4.5% moisture (strictly ‘‘loss
on drying’’) while remaining within international specification limits. The overall
saving on nonsweet components, namely potassium and moisture, means that the
aspartame-acesulfame salt is a more effective sweetener on a weight-for-weight

Figure 3 Synergy in a blend of aspartame (APM ) with acesulfame-K (AceK ) as a func-
tion of blend ratio, also showing the fixed equimolar ratio of aspartame-acesulfame (Twin-
sweet). Solvent � pH 3.2 citrate buffer, blend concentration � 400 ppm at all ratios,
aspartame-acesulfame concentration � 360 ppm. (From Ref. 6.)
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basis than a blend. This higher relative sweetness of Twinsweet is in addition to
the synergy between aspartame and acesulfame, which is considered later.

Because the salt provides both aspartame and acesulfame, its relative sweet-
ness is enhanced by the quantitative synergy between these two. That is to say,
the salt is significantly sweeter than would have been predicted by a simple sum-
mation of the characteristics of the individual sweeteners tasted alone. This
is illustrated in Fig. 3, which shows how the sweetness of an aspartame:
acesulfame-K blend (400 ppm total sweeteners in pH 3.2 citrate) varies with the
ratio of the two sweeteners. Two curves are contrasted, namely an ‘‘expected’’
curve, which has been calculated from the behavior of the sweeteners when tasted
in isolation from each other (dotted line), and the actual results recorded by a
taste panel (solid line). The actual sweetness is substantially greater because of
the synergy between the two sweeteners.

Also shown in Figure 3 is the effective ratio of the sweeteners as provided
by Twinsweet. It will be appreciated that, because the salt is an ionic compound,
this ratio is fixed and dictated by the molecular weights of aspartame and acesul-
fame. The equimolar ratio of the two sweeteners combined in Twinsweet trans-
lates to a conventional blend ratio of 60:40 aspartame:acesulfame-K by weight.
As can be seen, 60:40 is at or near the peak for quantitative synergy between
aspartame and acesulfame-K, and the salt thus provides the maximum quantita-
tive synergy available. In the case of the system illustrated (360 ppm Twinsweet),
this synergy boosts the ‘‘expected’’ sweetness by 40%.

V. TECHNICAL QUALITIES

Twinsweet represents an advance over mechanical blends of aspartame with
acesulfame-K in three main areas. The aspartame-acesulfame salt dissolves more
rapidly than the blend, is much less hygroscopic, and exhibits a higher stability
than aspartame in certain aggressive environments. These are dealt with individu-
ally in the following.

A. Improved Dissolution Rate

Consumers take for granted that powder products, such as desserts, toppings, and
beverage mixes, can be reconstituted almost instantaneously, and that tabletop
sweeteners dissolve immediately. Achieving such performance in sugar-free and
diet products containing intense sweeteners poses difficulties for the formulation
technologist. In particular, aspartame is relatively slow to dissolve, especially in
cold systems such as might be involved in reconstituting a cold dessert or drink
with refrigerated milk or cold water or in sweetening ice tea. The speed of dissolu-
tion can be improved by reducing the particle size because this exposes a greater
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Figure 4 Dissolution profile of aspartame-acesulfame (Twinsweet) compared with
aspartame. Solvent � stirred water at 10°C, particle size range of each sweetener � 100–
250 µm.

surface area to the solvent. However, as explained further in Section VI, Applica-
tions, it is generally desirable not to have very fine fractions in powder products
because these contribute to dust and poor flow. Figure 4 contrasts the dissolution
time of aspartame with aspartame-acesulfame in cold water for powders of
matched particle size. The more rapid dissolution of the salt is evident. In particu-
lar, the salt achieves the critical range of 80–95% dissolved in about half the
time of aspartame.

B. Absence of Hygroscopicity

Hygroscopicity—the tendency for materials to take up moisture from their sur-
roundings—is an important property of food ingredients. In particular, with pow-
der mixes, hygroscopic materials can draw moisture from the atmosphere during
manufacture or from other ingredients with which they are blended. The moisture
taken up can change the powder flow characteristics. Among other problems,
this can lead to the self-agglomeration or clumping of one or more ingredients,
causing further difficulties, depending at which stage it happens. For example,
clumped ingredients may be hard for the mixer to disperse, or they may segregate
during subsequent handling to produce inhomogeneous mixtures. Agglomerates
may even be visible and give rise to consumer complaint. Furthermore, on recon-
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Figure 5 Hygroscopicity. Moisture uptake of aspartame-acesulfame (Twinsweet) is
negligible compared with an equimolar physical mixture of aspartame with acesulfame-
K (APM:Acek blend ). (From Ref. 8.)

stitution of the powder, agglomerates may act as if they were single, large parti-
cles that dissolve relatively slowly. In addition, powders containing excess mois-
ture are more likely to cake on storage, and they can lose all ability to flow.

Twinsweet has virtually zero hygroscopicity and is remarkably immune
to moisture uptake, even when exposed to very high relative humidities. This
advantageous behavior of the aspartame-acesulfame salt is illustrated in Fig. 5.
The latter shows the moisture taken up by an equimolar mixture of aspartame
with acesulfame-K at various relative humidities (RH), a trend that rises steeply
above 45% RH at room temperature. Twinsweet takes up little moisture, even
in the region of 95% RH. Thus, in circumstances in which moisture uptake is
likely to create difficulty, the salt clearly outperforms the blend. This advantage
is not confined to easing issues of powder mixing and flow but also simplifies
packaging and storage requirements, both for the salt being handled as a bulk
ingredient and for mixtures made with it.

C. Stability

Aspartame-acesulfame is stable as a dry solid. The salt shows no breakdown in
either of the aspartame or acesulfame moieties on prolonged storage, and periods
as long as a year at abuse temperatures of 60°C have failed to show any change
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in composition. Indeed, there is a suggestion that the salt might be more stable
to abuse than aspartame. The reason for this may reside in the fact that, in the
salt, the amino group of aspartame is blocked by the presence of acesulfame (Fig.
1) and is thus hindered from taking part in the self-cyclization to diketopiperazine
(DKP) and subsequent breakdown of DKP to aspartylphenylalanine (AP). In
practice, any blocking effect would be enhanced by the nonhygroscopic nature
of the salt, as previously mentioned.

However, cyclization in the presence of water is not the only hazard to
aspartame stability. As a dipeptide, aspartame exhibits properties also found in
other peptides and in proteins, including an ability to take part in Maillard-type
reactions. In some low-moisture applications, such as chewing gum, aspartame
can be lost through reaction with the aldehyde groups of certain flavors. This
reaction also depends on the accessibility of the sweetener’s free amino group
and, it is surmised, this may be the reason why Twinsweet is so effective in
extending the shelf-life of such products. This is discussed further in Section VI,
Applications.

Although aspartame-acesulfame exhibits advantageously high stability as
a dry solid, it should be clear that it will have no particular benefit once dissolved.
At the moment of solution the salt releases only aspartame and acesulfame, and
these then behave in exactly the same way as if they had been released from
a physical mixture of aspartame with acesulfame-K. Consequently, in solution,
the stability characteristics of the aspartame contributed by Twinsweet are no
different from those of aspartame from any other source. Use of the aspartame-
acesulfame salt has no consequences, beneficial or deleterious, for the subsequent
stability of the aspartame once the salt has been dissolved.

VI. APPLICATIONS

Aspartame-acesulfame can be used wherever both aspartame and acesulfame-K
are used jointly and in most applications in which these sweeteners might be
used singly. Thus, the salt is suitable for a wide range of products, including
beverages, dairy products, tabletop sweeteners, confectionery, and pharmaceuti-
cal preparations. The salt’s fixed composition means that it always delivers the
equivalent of a 60:40 weight ratio of aspartame to acesulfame-K, but at 11%
higher sweetness. As previously mentioned, it is the absence of potassium ion
that principally makes Twinsweet a more concentrated source of sweetness than
a blend, and this is exemplified in Table 2, which gives guidelines for the amounts
of Twinsweet for various applications. Broadly, the concentration of Twinsweet
required in any product is that which supplies the same number of molecules of
aspartame and acesulfame as would be derived from a 60:40 mechanical blend
of the two sweeteners.
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Table 2 Guidelines for Twinsweet Concentrations in Various
Products

Twinsweet concentration
Product ready to consume (ppm)

Beverages
Carbonated lemon-lime 270
Hot cocoa mix 240
Cold chocolate mix 190
Instant lemon tea 200
Instant lemon drink 220

Desserts/dairy
Instant pudding mix 380
Gelatin mix 435

Confectionery
Chewing gum 2700
Hard candy 1000
Chocolate 800

Tabletop sweeteners
Tablets (1 tablet � 1 tsp of sugar) 11 mg/tablet

Source: Holland Sweetener Company, Geleen, The Netherlands.

However, although suited for use in any product in which the parent sweet-
eners appear, the salt’s particular properties mean that it is especially beneficial
for dry or low-moisture materials. Specifically, there are substantial advantages
to be gained by using the salt in powder mix products such as instant beverages
for cold reconstitution, mixes for hot cocoa–based drinks, instant desserts, top-
pings, tabletop sweeteners and sugar substitutes, and pharmaceutical powder
preparations. In addition, aspartame-acesulfame has a number of benefits in
sugar-free confectionery, including chewing gum and hard candy, to which can
be added medicated confectionery and chewable tablets. These are discussed in
the following paragraphs.

A. Powder Mixes

These products are typically sold as a convenient package of premixed powder
suitable for ‘‘instant’’ reconstitution by the consumer. Consumption usually fol-
lows shortly after reconstitution. Indeed consumption may be immediate, as in
the case of certain pharmaceutical preparations that are stirred into water and
swallowed directly. Another example is a sugar substitute added to a beverage,
stirred briefly, and then drunk. Key elements in successful powder mix products
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are rapid dissolution, essential to meet consumer expectations of an instant prod-
uct, and the homogeneity of the mix, which is essential to deliver reproducible
product performance. In addition, there are factors that affect the manufacturer,
such as ease of mixing of the ingredients and low dust content.

Unfortunately, aspartame and acesulfame-K crystallize in different forms.
Aspartame has needlelike crystals, whereas those of acesulfame-K are more cu-
bic. This means it is technologically difficult to create and maintain mixtures of
these sweeteners that are homogeneous and stay so throughout the manufacturing
and retail chains. There is evidence that this difficulty influences the quality of
powder products. Not only is there a tendency for the two conventional sweeten-
ers to separate from each other, they can also redistribute themselves unevenly
with respect to the other components of the mixture. For example, Hoek et al. (5)
have shown that, in segregation tests of aspartame and acesulfame-K contained in
a typical instant beverage powder, the sweeteners can separate to a degree that
could be perceptible to consumers as differences in sweetness. In the aspartame-
acesulfame salt, however, the two sweeteners are combined at the molecular level
and cannot be separated from each other until the moment they are dissolved.
Moreover, the rapid dissolution of the salt (see Section V) means there is greater
freedom to choose a particle size range that gives a mechanically stable, homoge-
neous mix. This is an advantage in comparison with aspartame, which dissolves
relatively slowly, a factor that may drive the powder mix manufacturer to use
very finely ground material to increase dissolution speed. Such fine powders bring
other difficulties, however. These include a tendency to cohere, which means
that finely-milled aspartame does not flow easily and can clump. Perversely, such
clumps can act as very large particles and take an extended time to dissolve. The
tendency to form clumps is made worse by the uptake of moisture, a process
encouraged by the sweetener’s hygroscopicity. In contrast, the complete absence
of significant hygroscopicity in the salt has already been noted.

Comparative trials have been made of Twinsweet with an equisweet, equi-
molar physical blend of aspartame with acesulfame-K in a typical instant bever-
age mix (5). Under standardized mixing conditions, and in both tumbling and
convective mixers, the sweetener-sweetener salt produced a more homogeneous
mix, with coefficients of variation for the concentration of both sweetener compo-
nents half those found with the blend. The mixture based on the salt was also
much more resistant to segregation. In tests, columns of powder were deliberately
vibrated to induce segregation and subsequently sectioned horizontally and ana-
lyzed. The spread of sweetness after this test is shown in Fig. 6, from which
it can be seen that the sweetness of the product with Twinsweet is much more
narrowly distributed than that using the blend. More particularly, the variation in
concentration of the blend is likely to be perceptible to a proportion of consumers,
whereas that of the aspartame-acesulfame salt is unlikely to be so detected.

Naturally, although Twinsweet may be used in a powder mix solely because
of its advantageous powder flow properties, its rapid dissolution is also of obvious
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Figure 6 Segregation in a powder mix. Aspartame-acesulfame (Twinsweet) produces
a narrower distribution of sweetness than an equisweet, equimolar physical mixture of
aspartame with acesulfame-K (APM:AceK blend ) after forced vibration of an instant bev-
erage powder mix. (From Ref. 5.)

direct benefit. The salt dissolves in about half the time required for aspartame of
matched particle size (see Section V), and this means better products for impatient
consumers, especially where dissolution is required in a cold solvent, such as
chilled milk or iced tea. In addition, when Twinsweet dissolves, it always releases
aspartame and acesulfame in an exactly balanced ratio, and this ratio is constant
throughout the dissolution process. This is not so when a physical blend of the
intense sweeteners is used because the individual sweeteners dissolve at different
rates. This means that, until both sweeteners are fully dissolved—a process that
can take several minutes in the cold—there is a mismatch in the blend ratio and
the taste is not as the product designers intended.

B. Chewing Gum

The aspartame-acesulfame salt has exciting advantages in chewing gum. Fry et
al. (7) have demonstrated long-lasting sweetness, a noticeable boost to sweetness
after some minutes of chewing, as well as improvements to stability and shelf-
life. Long-lasting sweetness is a key feature of chewing gum because sweetness
and flavor perception are intimately related. A gum that is no longer sweet is
also perceived as having reduced flavor. In general, ordinary chewing gum gives
an immediate sweetness that declines quite rapidly after the first 1 or 2 minutes.
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Encapsulation of part of the sweetener can lengthen this time but, typically, even
encapsulated sweeteners are exhausted after about 10 minutes. Twinsweet im-
proves on this. In comparative trials, gum sweetened with aspartame-acesulfame
was significantly sweeter at the end of 15 minutes chewing than gums made with
other sweeteners and was most preferred overall (8). This was achieved by direct
incorporation of Twinsweet during gum manufacture. The salt was not encapsu-
lated, although some of the sweeteners with which it was compared were coated
to extend their sweetness release. Direct addition of the salt thus represents a
useful simplification of the alternative, complex process of encapsulation, and
the directly added aspartame-acesulfame produces longer sweetness.

However, not only does aspartame-acesulfame extend gum sweetness over-
all, it also provides a remarkable boost to sweetness after some minutes chewing.
Hoek and Fry (8) describe this second peak of sweetness as occurring after 5 to
8 minutes chewing. Again, the effect is achieved with Twinsweet as the sole
sweetener and without the use of encapsulated material. The intensity and timing
of the second peak depend on the type of gum base, sweetener concentration,
product formulation, and the gum manufacturing process. These offer the product
developer considerable scope to tailor a sweetness release profile.

As well as profound effects on the sweetness delivery of chewing gum,
aspartame-acesulfame can be used to extend shelf-life (7, 8). Gum is a concen-
trated, low-moisture system and is a good medium for unwanted reactions be-
tween flavor compounds and aspartame. Especially aldehyde-rich cinnamon and
cherry flavor gums host these reactions, which reduce both flavor impact and
sweetness. Twinsweet is much more resistant to attack by aldehydes than is aspar-
tame (see Section V), and this is manifest in substantial improvements to storage
stability and acceptability. Figure 7 compares the sweetness during storage of
two cinnamon-flavored gums, identical except that one was made with Twinsweet
whereas the other contained an equimolar blend of aspartame and acesulfame-
K. After 32 weeks storage, the gum sweetened with the blend was deemed barely
acceptable by a taste panel after 2 minutes of chewing, and unpleasant after 15
minutes. The same gum with Twinsweet was found to be good at 2 minutes and
still acceptable at 15, results that were maintained after a further 20 weeks stor-
age. The dramatic impact of the aspartame-acesulfame salt was underlined by
the fact that, after 32 weeks in storage, the gum with the salt contained three
times as much aspartame as that sweetened with the blend.

C. Hard Candy

Sugar-free candy, including medicated confectionery, is an area of increasing
demand, and relies on the use of polyols as bulk substitutes for the sucrose and
glucose syrup used in conventional high-boiled sweets. Often, the lower sweet-
ness of the polyols needs a boost with a modest amount of a low-calorie sweet-



Aspartame-Acesulfame: Twinsweet 495

Figure 7 Shelf-life of cinnamon-flavored chewing gum. Aspartame-acesulfame (Twin-
sweet) retains sweetness on storage longer than an equisweet, equimolar physical mixture
of aspartame with acesulfame-K (APM:AceK blend). (From Ref. 8.)

ener. Such an addition is not always easy, particularly where aspartame is in-
volved. Although the addition of aspartame to fruit-flavored candy is rather
straightforward, nonacid flavors such as mint can create a problem because suffi-
cient aspartame cannot always be dispersed homogeneously throughout the hot
candy mass (9). This difficulty vanishes when Twinsweet is used because it dis-
perses directly in the hot mass to give products with a fuller, more sugarlike
sweetness and better flavor impact than achieved with an equisweet blend of
sweeteners.

D. Chewable Tablets and Tabletop Sweetener Tablets

A number of the advantages of aspartame-acesulfame already cited combine to
make the salt well suited to tabletting processes. The qualities of Twinsweet
that contribute to mechanically stable, homogeneous powder mixes are directly
relevant to the mixing of powdered ingredients before tabletting. The absence of
hygroscopicity means that the salt flows reliably and will not change its flow
characteristics on exposure to moist air. At the same time, the relative chemical
stability of crystalline Twinsweet leads to a long shelf-life for tablets by minimiz-
ing any degradative reactions with flavors or excipients. Finally, rapid dissolution
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of the salt assists in giving an immediate release of sweetness when the tablet
comes to be used.

In common with hard candy, the use of aspartame-acesulfame in a variety
of low-moisture products, tablets, and the like is the subject of widespread patent
applications (9).

VII. TOXICOLOGY

The toxicology of aspartame-acesulfame is relatively straightforward. The syn-
thesis of the salt is, in effect, a recrystallization and a purification of the raw
material sweeteners. Those raw materials are already food grade, and the synthe-
sis of Twinsweet simply results in further reduction of any trace impurities. No
new impurities are introduced and, as a result, there are no toxicological issues
associated with the manufacture. Furthermore, the salt dissociates immediately
on solution to release only known, widely permitted sweetener molecules, namely
aspartame and acesulfame. Once in solution then, aspartame-acesulfame salt be-
haves the same as a mixture of aspartame and acesulfame-K from which the
functionless potassium has been removed. Accordingly, human dietary exposure
is not to Twinsweet itself, which does not exist in solution, but to the permitted
sweeteners from which it is derived, and the toxicological fate of aspartame-
acesulfame is the same as that of those existing, permitted sweeteners.

There remains the question of the amount of aspartame-acesulfame used
and whether the quantities likely to be used will affect dietary intakes of either
aspartame or acesulfame. This is also easily resolved. The salt is used to provide
the same amounts of aspartame and acesulfame as would have been present had
these ‘‘parent’’ sweeteners been used separately. At the same time, no new uses
have been proposed for the salt. It owes its position to the unique way it over-
comes technological problems and offers consumer benefits in existing applica-
tions. Accordingly, use of aspartame-acesulfame will not affect the human expo-
sure data and predictions on which regulatory approval for aspartame and
acesulfame has been based. In short, from a toxicological point of view, there
is no difference between Twinsweet and a physical blend of aspartame and
acesulfame-K, and the use of aspartame-acesulfame introduces no new toxicolog-
ical issues.

VIII. REGULATORY STATUS

Aspartame-acesulfame is only applicable to products in which both aspartame
and acesulfame-K are permitted to be used jointly. There are countries where
quantitative limits are applied to one or both of these sweeteners. In such lands,
the use of the salt must conform to the limits in terms of the amounts of aspartame
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and/or acesulfame released by the salt when it dissolves. Because the salt is a
fixed, equimolar ratio, this is a simple calculation.

At the time of writing, both the U.S. Food and Drug Administration (FDA)
and the Canadian Health Protection Branch regard the marketing of Twinsweet
as being covered by the existing regulations on aspartame and acesulfame-K.
Products containing the salt are required to declare this in their ingredient list as
‘‘aspartame-acesulfame.’’

In June 2000 the Joint WHO/FAO Expert Committee on Food Additives
(JECFA) concluded that the aspartame and acesulfame moieties in Twinsweet
are covered by the acceptable daily intake (ADI) values established previously
for aspartame and acesulfame-K. In the European Union the Scientific Committee
for Food (SCF) also concluded that the use of Twinsweet raises no additional
safety considerations. As a result the product is expected to be included in the
forthcoming amendment of Directive 94/35/EC on sweeteners for use in food-
stuffs. Regulatory clearance is being sought in numerous other countries. This
is principally a matter of administrative process, necessitated because the wording
of regulations in some countries does not encompass the concept of sweetener-
sweetener salts.

IX. CONCLUSION

Aspartame-acesulfame is a sweetener-sweetener salt in which the potassium ion
of acesulfame-K has, in effect, been replaced by aspartame. The result is an
intense sweetener combination that can be produced commercially as a pure
and stable solid that possesses highly advantageous properties. Aspartame-
acesulfame has a high relative sweetness, about 350 times as sweet as sucrose
in water and 400 times as sweet in pH 3.2 citrate, because it comprises only
synergistic, intensely sweet molecules and contains no significant amounts of
functionless potassium ions or moisture. It dissolves more rapidly than an equi-
molar mechanical mix of aspartame and acesulfame-K, yet releases only the same
sweetening molecules as this familiar and widely accepted blend. Also in contrast
to a mixture of aspartame with acesulfame-K, the salt is remarkably immune to
moisture uptake and this, coupled with its rapid dissolution and excellent powder
flow characteristics, makes it an ideal sweetener for use in powder mixes of all
types. In addition, aspartame-acesulfame is stable in low-moisture products that
can offer a challenging environment to aspartame itself through potential reaction
with aldehyde-rich flavors. Not only is the salt resistant to these reactions in
products such as chewing gum, it is also responsible for a marked extension of
the sweetness release of gum, both effects being achieved without the need to
encapsulate the sweetener. Other low-moisture products such as confectionery,
tabletop sweeteners, sugar substitutes, pharmaceutical powders, and tablets are
also likely to benefit from the special attributes of aspartame-acesulfame. Natu-
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rally, there is no reason the salt cannot be used in any application permitted by
regulation, including liquid beverages and dairy products.

The salt is made from existing, permitted intense sweeteners. Its manufac-
ture even purifies further the food-grade raw materials, and the process introduces
no new impurities. The salt is stable on dry storage, including at elevated tempera-
tures, and dissociates immediately when dissolved to provide an equimolar solu-
tion of aspartame and acesulfame. Thus, toxicologically, there is no difference
between aspartame-acesulfame salt and an equimolar, mechanical mixture of
aspartame and acesulfame-K, and use of the salt introduces no new toxicological
issues. The salt is regarded in the United States as being covered by current FDA
regulations on aspartame and acesulfame-K, and regulatory clearance is being
sought in numerous other countries.

Aspartame-acesulfame, its production, and many applications are the sub-
jects of international patents and patent applications by Holland Sweetener Com-
pany, which markets the sweetener-sweetener salt under their trademark Twin-
sweet.
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I. INTRODUCTION

Polydextrose is an ingredient designed to be the ultimate companion ingredient
to high-intensity sweeteners. Polydextrose gives the bulk, texture, mouthfeel,
and functional attributes of caloric sweeteners. These are attributes that are often
lost in the formulation of calorie-modified products. The key to the performance
of polydextrose is its caloric value of 1 calorie per gram. This, in combination
with its excellent water solubility, makes it unique in its application in reduced-
calorie and low-calorie foods. When used to replace sugars and fats, polydex-
trose contributes only 25% of the calories of sugars and 11% of the calories of
fats.

Unlike the serendipitous discovery of many unique products, polydextrose
is the result of a targeted research program. The goal of the program was to fill
the need for a reduced-calorie bulking agent for the reduced-calorie foods market.
For such food products to be widely accepted, they must be functionally compara-
ble to their fully caloric counterparts. Achieving desirable body, mouthfeel, and
texture is critical to achieving success.

Polydextrose received Food and Drug Administration (FDA) approval for
use in select food categories in 1981 (1). It was not until the mid-1980s, however,
that significant commercial success was realized for this product. Proven success-
ful formulations and a mushrooming of approved high-intensity sweetener appli-
cations have resulted in a secure place for polydextrose in reduced-calorie food
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products. The ingredient is approved in more than 50 countries and is used widely
throughout the world.

II. COMMERCIAL PRODUCTION

Polydextrose is a randomly bonded melt condensation polymer of glucose. This
unique product is a patented material invented in Pfizer Central Research Labora-
tories by Dr. Hans Rennhard (2). The patent describes the process for manufacture
and applications of a novel carbohydrate substitute.

Polydextrose is prepared commercially by vacuum bulk polycondensation
of a molten mixture of food-grade starting materials. The starting materials are
glucose, sorbitol, and either citric acid or phosphoric acid in approximately an
89:10; 0.1–1 mixture. The final product of this reaction is a weakly acidic water-
soluble polymer that contains minor amounts of bound sorbitol and citric or phos-
phoric acid.

The theoretical chemical structure of polydextrose is illustrated in Fig. 1.
This structure is drawn to represent the types of bonding that can occur during
polymerization. The R group may be hydrogen, glucose, or a continuation of the
polydextrose polymer. As evidenced by this representative structure, polydex-
trose is a very complex molecule, being highly branched with varied glucose

Figure 1 Representative structure for polydextrose. R � H, sorbitol, sorbitol bridge,
or more polydextrose.
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Table 1 Approximate Molecular Weight
Distribution of Polydextrose

Molecular weight range Percent

162–5,000 88.7
5,000–10,000 10.0

10,000–16,000 1.2
16,000–18,000 0.1

linkages. In fact, all possible glycosidic linkages with the anomeric carbon of
glucose are present, including alpha- and beta-1–2, 1–3, 1–4, and 1–6, with some
branching; the 1–6 linkage predominates. It is these chemical parameters that
result in the water-soluble, reduced-calorie nature of polydextrose.

The typical molecular weight distribution of the polymer is shown in Table
1. The average molecular weight is 2000–2500 with an average degree of poly-
merization (DP) of 12–15. During the manufacturing process of polydextrose,
the size of the polymer is controlled to restrict the formation of large molecular
weight molecules. This control prevents the formation of insoluble material. Fur-
ther discussion on this topic is presented by Allingham (3) and Beereboom (4).

As manufactured, polydextrose conforms to the typical composition de-
scribed in the product description presented in Table 2. Polydextrose is supplied
to the food industry in compliance with Food Chemicals Codex and JECFA com-
pendial specifications.

Table 2 Characteristics of Polydextrose

Compendial designation Food Chemicals Codex
Appearance White to light tan powder
Odor None
Polymer �90%a

Glucose � sorbitol �6%a

Levoglucosan �4%a

Water �4%a

Citric acid (free) �0.1%
pH (10% w/v solution) 2.5–6.5
Solubility in water (25°C) 80%
Optical rotation �60
Viscosity (cps, 50% solution) 35

a Anhydrous, ash-free basis
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Table 3 Polydextrose and Litesse Product Forms

Litesse
Polydextrose Litesse Litesse II Ultra (III)a

Taste Tart Bland Clean Very clean
Acid Neutral Mildly sweet Mildly sweet

Color Cream Cream Cream White
Acidity 0.1 0.03 0.003 0.002
(mEq/g)
PH range 2.5–3.5 3.0–4.5 3.5–5.0 4.5–6.5
(10% w/v aqueous)
Maillard reaction Yes Yes Yes No

a Litesse Ultra (III) is a reduced version of Litesse prepared by catalytic hydrogenation of polydex-
trose. It does not contain any reducing groups and will not take part in Maillard reactions. Litesse

Ultra (III) produces a very stable, clear, water-white solution and is sugar free.

III. PRODUCT FORMS

Litesse is the brand name for improved forms of polydextrose. Litesse is pro-
duced from polydextrose using additional processing to reduce acidity and bitter-
ness, thereby improving the flavor profile. Litesse II and Litesse Ultra (III) are
further refinements. The Litesse family of products is unique in its ability to vary
from a bland, neutral powder through a colorless, mildly sweet liquid. Table 3
summarizes the different attributes of the Litesse grades.

IV. PROPERTIES

A. Caloric Content

The key property that gives polydextrose its important role in the formulation of
reduced calorie foods is the caloric value of 1 calorie per gram (5). This value
is significant when polydextrose is used to replace sucrose, which has a caloric
value of 4 calories per gram. The degree of caloric reduction is even greater when
polydextrose is used to replace fat, which has 9 calories per gram.

The reason polydextrose has a low caloric value is that it is a large, com-
plex, randomly bonded polymer that is not broken down by mammalian digestive
enzymes. The one calorie is a result of the metabolism of microorganisms in the
intestinal tract. This subject is discussed more fully in Section VII, Metabolism.

B. Water Solubility

The excellent water solubility of polydextrose differentiates it from the insoluble
bulking agents such as cellulosic products. It is soluble to approximately 80%
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at 25°C. Polydextrose acts in a similar manner to sucrose in that it results in a
clear solution without haze or turbidity. Good mechanical mixing is required to
prepare concentrated solutions. The rate of solubility will depend on the effi-
ciency of the mixing equipment as determined by shear speed and rate of addition.
Use of moderate heat and slow rate of addition aid in making these solutions. A
preblend with another water-soluble ingredient is another technique that will
greatly speed the rate of solution of polydextrose.

C. Viscosity

The viscosity that polydextrose contributes to a solution is greater than that con-
tributed by an equal amount of sucrose. Figure 2 illustrates the viscosity of 70%
solutions of polydextrose, sucrose, and sorbitol at varying temperatures. In a man-
ner similar to sucrose solutions, the viscosity of polydextrose solutions decreases
with an increase in temperature.

The viscosity-enhancing effect of polydextrose plays an important role in
food uses such as reduced-calorie dressings and puddings. Figure 3 shows the

Figure 2 Temperature/viscosity relationships for 70% solutions.
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Figure 3 Concentration/viscosity relationship.

viscosity of 20–70% solutions of polydextrose, sucrose, and sorbitol. This illus-
trates the potential for using polydextrose to replace the viscosity typically pro-
vided by high sugar content.

D. Humectancy

Under conditions of high relative humidity, polydextrose is fairly hygroscopic.
Figure 4 illustrates the water pickup of polydextrose in storage at 75 and 52%
relative humidity. In food products, polydextrose functions as a humectant and
can play an important role in product quality by controlling the rate of moisture
gain or loss. An example of this property is found in the baked goods area. Poly-
dextrose can retard the loss of moisture, which helps to protect against staling.
In this way, polydextrose serves as an important ingredient in extending shelf-
life.

Another important characteristic of polydextrose in solution is the effect
that it has on water activity (aw ). Water activity is a measure of the availability
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Figure 4 Hygroscopicity of polydextrose at 25°C.

of the water to participate in chemical reactions, physical reactions, and support
of microbial growth in a food product.

The water activity of various polydextrose solutions is reviewed in Table
4. At equal concentrations, polydextrose has less effect on water activity than
smaller molecular weight products such as sucrose and sorbitol.

E. Taste

Polydextrose is not sweet. It is used to replace the physical functionality of high-
calorie ingredients such as sugar, but not the sweetness. In some food products,
a less sweet taste may be desirable, and thus at least partial sucrose replacement
can be achieved without compensating for the loss in sweetness. In most cases,
it is necessary for calorie-modified foods to have the same quality and quantity

Table 4 Water Activity of Various Polydextrose Solutions

Solution concentration (% w/w)

Sweetener 50% 60%

Sorbitol 0.90 0.85
Sucrose �0.95 0.91
Polydextrose �0.95 0.92
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of sweetness as the fully caloric counterpart. In such foods sweetness can be
provided by a high-intensity sweetener. It is in these applications that polydex-
trose is an ideal companion product for high-intensity sweeteners.

F. Noncariogenicity

Studies carried out by Professor Muhleman at the University of Zurich demon-
strated that polydextrose has a very low potential for promoting dental caries (6).
These tests showed polydextrose (a) to be inert to in vitro systems, (b) not to
cause caries in rats, and (c) to pass the human intraproximal plaque pH telemetry
test. These three tests are good indicators of the cariogenicity of foods. As a
direct result of these studies, the Swiss government allows a ‘‘Safe for Teeth’’
labeling associated with polydextrose.

G. Stability

Polydextrose is a very stable ingredient. The hygroscopic nature of the product
requires good packaging and reasonable storage under conditions of low humidity
to avoid moisture pickup.

Polydextrose solution is also very stable. The high solids level does not
allow for the support of microbial growth. The solution can darken after pro-
longed storage at elevated temperatures, and, therefore, storage under cool tem-
peratures is recommended.

V. FUNCTIONS OF POLYDEXTROSE

The unique combination of properties found in polydextrose results in a variety
of functional attributes that are important in the formulation of reduced-calorie,
low-calorie, and sugarless products. The principal change that is made in these
food products is the removal of sucrose. High-potency sweeteners replace the
sweetness lost when sucrose is removed. However, in most food products, a great
deal more than sweetness is lost along with the sugar. Sucrose also provides the
functional attributes of bulk, mouthfeel, humectancy, viscosity, freezing point
depressant, and preservation (7, 8). As illustrated in Table 5, polydextrose can
at least partially fill all these roles except for sweetness. In a similar manner,
when calorie reduction is achieved by reducing the fat level, there are functional
attributes of the fat that polydextrose can replace.

A. Bulk

Polydextrose is most commonly referred to as a ‘‘bulking agent.’’ Probably the
greatest single challenge when formulating reduced-calorie products is replacing
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Table 5 Functional Attributes of Sugar and Polydextrose

Sugar Polydextrose

Bulk Yes Yes
Mouthfeel/Texture Yes Yes
Humectancy Yes Yes
Viscosity Yes Yes
Freezing point depressant Yes Yes
Preservation Yes Yes
Sweetness Yes No

the bulk of sugar. In liquid products such as beverages, this is not such an impor-
tant issue. In others, however, it is critical. Probably the most dramatic examples
of the importance of a bulking agent are in baked goods and confections, which
rely heavily on the bulk of sugar to give the products their character. Any signifi-
cant reduction in the bulk and body of these products would greatly decrease
their acceptability.

Other ingredients that could be used to replace the bulk of carbohydrates
and fats include such diverse ingredients as crude dietary fiber, maltodextrin, and
sorbitol. However, these products are limited in their usefulness because none
of these alternative bulking agents have the combined properties of 1 calorie per
gram and water solubility.

B. Mouthfeel/Texture

A pleasant, satisfying mouthfeel and texture is another important contribution of
sucrose and fat. Limited success has been achieved using gums to enhance the
texture of reduced-calorie foods. At higher levels, a slimy mouthfeel and gelled
characteristics become noticeable. The use of polydextrose gives a comparable
mouthfeel and general textural eating quality to the fully caloric food product.
The product categories that particularly illustrate this function are puddings, fro-
zen desserts, and salad dressings. A rich, creamy mouthfeel is particularly impor-
tant and expected in these products.

C. Freezing Point Depression

One of the less obvious functions of sugar is that of being a freezing point depres-
sant. This function is very important in making creamy, palatable frozen desserts.
If the freezing point of a product is too low, the texture as consumed will be too
soft. If the freezing point is too high, an unacceptably hard product results. In
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conventional ice cream type products, sucrose is the primary freezing point de-
pressant, and alternative ingredients such as polydextrose are typically compared
with sucrose.

The effect that an ingredient has on freezing point depression is a function
of its molecular weight. Sucrose is a disaccharide. A larger molecule such as
polydextrose is somewhat less effective as a freezing point depressant. A smaller
molecular weight ingredient such as sorbitol would have a greater effect on freez-
ing point depression than either sucrose or polydextrose. Ideally, a balance can
be achieved with several ingredients to match the effect of sucrose.

The comparative effects of polydextrose, sucrose, and sorbitol on freezing
point have been reported (9, 10). The freezing point of a 5% solution of these
three ingredients was as follows: polydextrose, �.147°C; sucrose, �.298°C; and
sorbitol, �.613°C.

D. Preservation/Osmotic Activity

Another function that sucrose serves, particularly at higher use levels, is that
of preservation. Sugar at high concentrations reduces water activity (aw ). Under
conditions of reduced water activity, there is less water available for the growth
of microorganisms and there is also greater osmotic pressure. When the sucrose
level is reduced in a recipe, the new product may have shelf-life problems with
respect to bacteria, yeast, or mold growth that the original product did not have.
There are several ways this problem can be addressed. One approach is to replace
sucrose with ingredients that have a similar effect on water activity. Polydextrose
can be used to help maintain the soluble solids level while limiting the calories.
In this regard, polydextrose can be used to decrease the water activity of a product
as described previously. An equal weight of polydextrose will not have as great
an effect on aw as sucrose.

It may be beneficial to make formulation changes in reduced-calorie prod-
ucts to maintain a comparable shelf-life. One technique is to decrease the pH to
inhibit microorganisms. Also, the use of chemical preservatives such as sodium
benzoate or potassium sorbate may be particularly useful in calorie-modified
products.

E. Cryoprotectant

Several applications have been suggested for the cryoprotectant capability of po-
lydextrose. Cryoprotection involves stabilizing foods against the damaging physi-
cal effects of freezing. This is a function that is well recognized for many soluble
ingredients, particularly sugars. This function has been described in fish products,
including surimi (11, 12), and meat products (13).
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F. Fiber

Polydextrose conforms to the Japanese definition of a dietary fiber: ‘‘polysaccha-
rides, related polymers and lignins, which are resistant to hydrolysis by the diges-
tive enzymes of man’’ (14). The Japanese consumer has a particularly keen inter-
est in supplementing his or her fiber intake as part of a desirable diet. In line
with these factors, polydextrose has found a unique market in Japan for use in
beverage products fortified with polydextrose as a soluble fiber (15). The fiber
properties of polydextrose are reviewed in detail in the literature (16). Polydex-
trose may also be labeled fiber in Argentina, Egypt, Korea, Poland, and Taiwan.

VI. APPLICATIONS

Polydextrose has been accepted as a food additive by the U.S. Food and Drug
Administration (1). The original food additive petition included specific applica-
tion in eight food categories. These categories are baked goods and mixes; chew-
ing gum; confections and frostings; dressings; frozen dairy desserts; gelatins,
puddings, and fillings; hard candy; and soft candy. These food categories are
among those described in the Code of Federal Regulations (21 CFR 172.84).

New categories have recently been approved. These include peanut spreads,
syrups and toppings, sweet sauces, and fruit spreads.

With the development of new forms of polydextrose and Litesse, it is now
possible to choose a bulking agent that best fits the end-use application (see Table
3 for a summary of polydextrose and Litesse attributes). Selection of the appro-
priate Litesse form offers greater flexibility in terms of color, taste, and product
claims (Litesse Ultra (III) is sugar free).

Polydextrose may be used in the approved food categories to fulfill any of
four functions:

1. Bulking agent—to provide bulk or substance to a food
2. Formulation aid—to promote or produce a desired physical state
3. Humectant—to promote retention of moisture
4. Texturizer—to affect the appearance or feel of the food

A. Baked Goods

This food category more specifically includes baked goods and baking mixes
(restricted to fruit-, custard-, and pudding-filled pies, cakes, cookies, and similar
baked products).

A one-third calorie reduction in these products would require a fat and
carbohydrate reduction, which would alter the physical and organoleptic accept-
ability of the baked good. Therefore, polydextrose plays a particularly important
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role in the formulation of reduced-calorie baked goods (14, 18). In many baked
goods formulations, polydextrose can be used without a high-intensity sweetener.

Recent work reported on the good textural qualities of polydextrose short-
bread cookies formulated with high-intensity sweeteners (19). For sweetness, the
study evaluated synergistic combinations of aspartame, cyclamate, saccharin, and
acesulfame-K in the cookies.

The benefits of polydextrose in cake-type products include volume, tender-
ness, structure, and eating quality. Typical use levels in such products would be
from 7 to 15% by weight.

B. Chewing Gum

Polydextrose can be used to make chewing gum with good shelf-life and elastic-
ity. A high-intensity sweetener would be required to provide sweetness to the
gum. Several patents exist for low-calorie gum products that cite the use of poly-
dextrose (20, 21).

C. Confections and Frostings

This area of application represents products in which the functional properties
of carbohydrates and fats are critical to the character of the food. Polydextrose
is not crystalline, and therefore the crystalline/sugar texture cannot be achieved.
The bulk and mouthfeel of taffylike products is more closely matched using poly-
dextrose. Polydextrose use level would typically be in the range of 25%.

D. Salad Dressings

Many pourable salad dressings are surprisingly high in calories, containing up
to 60–80 calories per tablespoon. Of their calories, approximately 80–95% come
from fat (22). Therefore, making reduced-calorie dressing involves, primarily,
reducing the oil level.

Polydextrose finds use in this application by replacing the functionality and
mouthfeel that was contributed by the fat. Some dressings do contain a significant
level of sugar. Russian, thousand island, and French-style dressings are highest
in sugar. These dressings are good candidates for the replacement of sucrose
with polydextrose and a high-intensity sweetener. A number of highly palatable
reduced-calorie dressings have been formulated with polydextrose and enjoy con-
siderable success in the marketplace.

E. Frozen Dairy Desserts

This area of use typically involves the reduction of both fat and sugar in the
formulation of reduced-calorie products (23). Sugar is a multipurpose ingredient
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providing bulk, mouthfeel, sweetness, and freezing point depression to the final
product.

The recipe in Table 6 is for a reduced-calorie, nonfat product.
The firmness of a frozen dessert can be manipulated by altering the freezing

point. Freezing point depression is a function of molecular weight of key ingredi-
ents, and thus, a balance of polydextrose with a lower molecular weight product
such as sorbitol may best match the firmness desired.

Very pleasant-tasting products are possible without the use of a high-
intensity sweetener. However, a series of regulatory approvals in 1987 and 1988
extended the use of aspartame to include frozen dairy desserts, and this resulted
in a surge of very successful reduced-calorie products (24, 25). Typical use levels
of polydextrose in these products range from 7–15%.

Table 6 Nonfat Ice Cream

Ingredient Percent

Sucrose 11.00
Nonfat milk solids 9.00
Corn syrup solids 7.40
Litesse 4.00
Dairy-Lo 3.00
Stabilizer/emulsifier 0.50
Flavor, vanilla, N&A 0.30
Flavor, art. mouthfeel type 0.03
Fat �0.5%
Total solids 35%
Calories 127 calories per 100 g

90 calories per 4 fl. oz, serving at 90%
overrun

Vitamin A should be added at a level ranging from 600–800
IU, depending on the reference ice-cream

Processing Procedure
Dairy-Lo is compatible with conventional ice cream manufactur-
ing equipment and processes.

• Mix liquid ingredients
• Add Dairy-Lo and other dry ingredients with moderate agi-

tation
• Pasteurize at 180°F (83°C) for 25 seconds
• Homogenize
• Cool and age
• Flavor the mix
• Freeze, package
• Harden
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Frozen yogurt is a specially product within this category that has become
very popular. Frozen yogurt is lower in fat than ice cream, and thus calorie reduc-
tion is achieved primarily from sugar replacement. Here again, polydextrose
serves the same varied functions of bulk, texture, and freezing point depression.

F. Gelatins, Puddings, and Fillings

A 50% calorie reduction is readily achieved in an instant pudding-type product
when polydextrose is used with a high-intensity sweetener (26). Using polydex-
trose results in a creamier texture with a more uniform dispersion of cocoa and
starch. It also functions as a formulation aid and helps prevent lumping and non-
uniformity.

G. Hard Candy

A major portion of the sugar in hard candy can be replaced with polydextrose
(27). Clarity and good bite are still achievable with a reduced sugar level. A
high-intensity sweetener is needed to supply the sweetness expected in hard
candy products.

Polydextrose is amorphous and does not crystallize at low temperatures or
high concentrations so it can be used to control the crystallization of polyols and
sugars and therefore the structure and texture of the final product. This is analo-
gous to conventional sugar confectionery production in which glucose syrups are
used to prevent or control sucrose crystallization.

Litesse Ultra (III) is a particularly useful ingredient in the production of
sugar-free and reduced-calorie hard candy and offers both product and processing
improvements when used at low levels in polyol mixes.

While acknowledging that some polyols work very well in this application,
there are still some technical issues associated with their use in hard candy sys-
tems. From production scale trials using Litesse Ultra (III) in combination with
polyols, the following general conclusions have been drawn.

1. Increasing the proportion of Litesse Ultra (III) increases the molten
mass viscosity, improving the handling characteristics of sugar-free
candy. Cooling times are reduced and the products may be processed
using conventional stamped and depositing technology.

2. Low-level additions of Litesse Ultra (III) reduce the graining of isomalt
candies.

3. The stability of Litesse Ultra (III) combination may be equivalent or
better than sugar/glucose candy.

4. Clear, transparent products with excellent flavor release are possible.
5. Calorie reductions greater than 50% are possible.
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H. Soft Candy

The use of polydextrose as a partial sugar replacement in soft candy serves two
key functions: providing bulk and humectancy (28, 29).

I. Other Categories

Sweet sauces, toppings and syrups (30), peanut spreads (31, 32), and fruit spreads
(33) are newly approved categories for polydextrose and demonstrate the flexi-
bility of the ingredient across a range of applications where sugar is reduced or
replaced.

VII. METABOLISM

The basis for the 1 calorie per gram caloric value of polydextrose lies in the
difficulty that mammalian digestive enzymes have in attacking a large and ran-
domly bonded polymer. Extensive feeding studies with man and animals have
confirmed the caloric contribution (1, 34–39).

The definitive work on the metabolism of polydextrose studied the disposi-
tion of 14C radiolabeled polydextrose in feeding studies. The caloric value of 1
calorie per gram and the testing method were fully endorsed by the U.S. Food
and Drug Administration (5).

A portion of the polydextrose molecule is metabolized in the intestinal tract
by microorganisms. As by-products of this metabolism, these microorganisms
produce volatile fatty acids and carbon dioxide. The volatile fatty acids are ab-
sorbed in the large intestine and used as an energy source. Therefore, it is the
microbial function that contributes the 1 calorie per gram of ingested polydex-
trose. This is a phenomenon common to essentially any complex carbohydrate
in the diet.

Another area of metabolism that has been closely investigated is the effect
of polydextrose on insulin demand and the implications of this on use by diabetic
patients. Studies show that the use of polydextrose does not create an insulin
demand using glucose tolerance techniques.

As described previously, tests show that polydextrose has a very low cario-
genicity potential.

VIII. TOLERANCE

Numerous clinical studies show that polydextrose is well tolerated when con-
sumed in moderation as part of a normal daily diet. This has been confirmed by
consumer results in the years since polydextrose has been approved.
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When consumed in excessive amounts, polydextrose can have a laxative
effect. Studies of adults showed a mean laxative threshold of 90 g/day (40). This
compares with a level of 70 g of sorbitol for similar effect.

IX. REGULATORY STATUS

Except where specifically stated otherwise, the comments offered on regulatory
issues are geared to U.S. regulations and practices. The reader should also be
aware that regulations are constantly being changed and updated.

A. FDA Approval

There were years of extensive research into the safety, properties, and applica-
tions of polydextrose before the approval of the food additive petition in 1981
(1, 3) by the U.S. Food and Drug Administration. The regulations allow for the
safe use of polydextrose as a multipurpose food additive in specific foods. It
is used in accordance with good manufacturing practices as a bulking agent,
formulation aid, humectant, and texturizer. Polydextrose is specifically allowed
in the food categories listed in Table 7.

There is no maximum established use limit for polydextrose. Good manu-
facturing practices limit the quantity to the amount necessary to accomplish the
intended purpose in the food.

Table 7 Approved Food
Categories for Polydextrose

Chewing gum
Confections and frostings
Dressings for salad
Frozen dairy desserts
Fruit spreads
Fruit and water ices
Gelatins, puddings, and fillings
Hard candy
Peanut spreads
Soft candy
Sweet baked goods and mixes
Sweet sauces
Table spreads
Toppings and syrups
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B. International

The use of polydextrose in foods has received approval in numerous countries
(41). Numerous national and supranational expert groups have assessed polydex-
trose. Without exception, it was concluded that polydextrose is safe for human
use. Both the Joint FAO/WHO Expert Committee on Food Additives (JECFA)
and the EU Scientific Committee for Food (SCF) allocated an acceptable daily
intake (ADI) of ‘‘not specified’’ in 1987 and 1990, respectively.

Polydextrose has been approved as a Miscellaneous Food Additive by the
European Union and may be used at quantum satis levels. Polydextrose is listed
as E1200.

Japan’s Ministry of Health and Welfare (MOHW) recognizes polydextrose
as a food. Polydextrose also conforms to the generally accepted Japanese defini-
tion of dietary fiber. An energy value of 1 kcal/g is accepted.

Polydextrose is approved for food use in confectionery, chewing gum, cus-
tard powder/mix, dairy-based desserts, dairy ice mix, dessert mix, frozen/ice con-
fection, reduced/low-fat ice-cream, and yogurt in Australia and New Zealand.
An energy value of 1 kcal/g is accepted.

To date polydextrose is approved in more than 50 countries worldwide.

X. LABELING

When polydextrose is used in foods for special dietary purposes such as reduced-
calorie foods, it must be labeled in accordance with 21 CFR Part 105. Should a
single serving of food contain more than 15 g of polydextrose, the label must
read: ‘‘Sensitive individuals may experience a laxative effect from excessive con-
sumption of this product.’’

For nutritional labeling, polydextrose should be included in the carbohy-
drate section of the Nutrition Facts Panel. It may also optionally be included
below ‘‘Total Carbohydrate’’ under ‘‘Other Carbohydrate.’’ The calorie content
of 1 kcal/g is used when determining total calories per serving. Use of polydex-
trose may be taken into consideration when contemplating comparative nutrient
content claims such as ‘‘light,’’ ‘‘low calorie,’’ ‘‘reduced sugar,’’ ‘‘sugar-free,’’
and/or ‘‘no added sugar’’ under 21 CFR 101.60.

‘‘Polydextrose’’ is the officially recognized name and should appear as
such in the ingredients list.
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Other Low-Calorie Ingredients:
Fat and Oil Replacers

Ronald C. Deis
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The interest in fats and oils and their presence in foods has gone through a number
of developmental stages, each causing a change in priorities at various times in
product development cycles—these stages include the elimination of saturated
fats, the ‘‘fat-free’’ phase, the fat and calorie reduction phase, and the search for
healthy fats from natural and biosynthetic routes. All of this is gradually evolving
into a more rational design of better-quality, more healthy products as we learn
more about the effects of changes in diet. The 1980s are known for the need to
eliminate saturated fats and to increase fiber. The number of companies marketing
fiber products surged enormously, then ebbed as the fiber frenzy dwindled. As
we entered the 1990s, the message that saturated fats were ‘‘bad’’ progressed into
the need to eliminate fats entirely—to be ‘‘fat free’’ was golden. This spawned a
race to develop new fat replacers to fill the need—many claiming to be the one
ingredient to replace fat in all food systems. As noted by M. Glicksman in 1991,
‘‘every food company, ingredient supplier, and biotechnology company is look-
ing for a colorless, odorless liquid that looks, tastes, and functions like oil but
has no calories and is less expensive than water’’—what Glicksman referred to
as the ‘‘oily Grail’’ (1). Some categories, such as dairy and salad dressing, were
able to produce reasonably acceptable fat-free or reduced-fat alternatives over
time. In other areas, such as baked goods (in which less water was available in
the system and any added water caused noticeable differences), the quality of
these products was poor, and consumer acceptance has dwindled over time. Dur-
ing this era of product development, the work on fat replacement led to better
understanding of ingredient interactions, resulting in a reasonable lowering of fat
and calories in foods using—for the most part—conventional food ingredients.

519
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I. FAT IS ESSENTIAL AND FUNCTIONAL

Reports concerning the negative effects of fat and oil consumption have caused
many consumers to focus on fat elimination, but this needs to become more
balanced to include the body’s fat requirements (2). Fats act as important energy
sources, especially during growth, or at times when food intake might be re-
stricted. Protein and carbohydrates provide about 4 kcal/g, but fats provide more
energy at about 9 kcal/g. Linoleic and linolenic acids are regarded as essential
fatty acids that aid in the absorption of vital nutrients, regulation of smooth mus-
cle contraction, regulation of blood pressure, and growth of healthy cells. On the
negative side, the U.S. Surgeon General has stated that consumption of high
levels of fat is associated with obesity, certain cancers, and possibly gallbladder
disease. The Surgeon General also notes that strong evidence exists for a relation-
ship between saturated fat intake, high blood cholesterol, and coronary disease.
Rather than viewing all fats as ‘‘bad,’’ most nutritionists urge consumers to con-
trol the percentage of calories as fat in their diets and to limit levels of saturated
fat and polyunsaturates. Current government guidelines state that total fat intake
should be no more than 30% of total calories. Saturated fat should make up less
than 10% of calories, and monounsaturates should make up 10–15% of calories.
Concerted efforts from ingredient suppliers and product developers have reduced
the use of saturated fats such as lard, beef tallow, butterfat, coconut oil, and palm
oil and increased the use of vegetable oils with higher percentages of polyunsatu-
rates and monounsaturates.

Most of the fat consumed in the United States comes from salad and cook-
ing oils, followed by frying fats and bakery shortenings, then meat, poultry, fish,
and dairy products (cheese, butter, margarine). Each of these applications is
unique in its requirements for fat functionality (Table 1). In fried foods, oil acts
as a heat-transfer medium but also becomes a component of the food. Because
of this dual function, the oil must meet a number of requirements—it must have
good thermal and oxidative stability, good flavor, good shelf-life, and acceptable
cost.

Fats and oils provide important textural qualities to certain foods. Much
of this is due to specific melting qualities and crystal structure, and qualities are
provided by the ‘‘shortening’’ effect of fats, primarily in baked goods. Fats pro-
vide baked goods with a characteristic rise, flakiness, tenderness, strength,
‘‘shortness,’’ and cell structure that are not apparent in fat-free varieties (4,5).
Fats and oils are also essential to lubrication of foods in two ways: as release
agents during cooking and as lubricants during chewing, causing a cooling and
coating sensation picked up as moistness in baked goods. Fats modify flavor
release and affect mouth-feel by providing viscosity and coating effects and also
possess their own characteristic flavors (animal fats, olive oil, and peanut oil are
classic examples).
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Table 1 Functional Properties of Fats in Different Food Categories

Frozen desserts Fried foods Meats Baked goods

Flavor Flavor Flavor Flavor
Viscosity/body Heat transfer Mouth-feel Viscosity/body
Creaminess Crispness Juiciness Richness
Mouthfeel Aroma Tenderness Texture
Opacity Color Texture Shortness
Heat shock Heat stability Binding Tenderness
Stability Migration Heat transfer Flakiness
Overrun Aeration
Melt Elasticity

Leavening
Lubricity
Moisture
Retention
Shelf-life
Water activity

Source: Adapted from Ref. 3.

All the functional factors are impacted by the type of fats used. In turn, the
type and composition have health consequences. Some of the issues surrounding
functionality are better understood by looking at the nature of fat and the compo-
sition of the predominant fats and oils available for food use. Fat molecules con-
sist of three fatty acids linked to a glycerol backbone. Native fats and oils are
made up of mixtures of a wide range of fatty acids arranged in varying ratios
and positions on these triglycerides: This determines the characteristics of a par-
ticular fat and creates a wide selection of properties. If a fatty acid is ‘‘saturated,’’
it means that the maximum number of attachment sites (four) on the carbon atom
are filled by another attached carbon or a hydrogen atom, and only single bonds
exist. Unsaturated fatty acids contain one or more double bonds between carbon
atoms in the chain. If an unsaturated fatty acid contains one double bond, it is
referred to as monounsaturated (oleic, 18:1). If more than one double bond exists,
the fatty acid is polyunsaturated (linoleic, 18:2; linolenic, 18:3). If an oil contains
a predominance of saturated fatty acids, such as palm oil or coconut oil, it is
commonly referred to as a saturated fat. Conversely, if the fat is predominantly
unsaturated, it is referred to as an unsaturated fat.

Fats and oils are very complex substances from a number of origins, made
up of a number of fatty acids in infinite combinations, and chemically modified
in a number of ways. This chemical complexity results in a very complex mix
of results in terms of appearance, texture, flavor, mouthfeel, and processing char-



522 Deis

Figure 1 Ingredient support system in fat replacement.

acteristics. Although it was the goal of many initial fat replacers to encompass all
categories of food, fat functionality is category-specific—performance in dairy
products or salad dressing can be expected to be different than performance in
baked goods or snacks. Second, fat functionality is product specific—for exam-
ple, since the percent of moisture in a cheesecake is far more than that of a cookie,
it can be expected that fat replacers will perform differently in these products.
Finally, the need to consider adjustment of all other ingredients in the formulation

Figure 2 Issues to consider as part of fat replacement.
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means that fat replacement is formulation-specific. Fat replacement in any formu-
lation requires attention to more than fat—support ingredients are required to
address mouth-feel, texture, aeration or structure, color, flavor, handling charac-
teristics, and shelf stability (Fig. 1). Other factors to consider are cost, regulatory
concerns, safety, packaging needs, label claims, and availability (Fig. 2).

II. FAT REPLACERS—AN OVERVIEW

Most fat replacement is accomplished by using water effectively, and air can be
entrapped as a texture aid in many products. The first fat replacers were primarily
air, water, and emulsifiers. Because early products were unsuccessful and the
NLEA eliminated the use of emulsifiers as nonfats, combinations of ingredients
in a systems approach found more success. Finally, when the consumer discov-
ered that ‘‘reduced fat’’ or ‘‘fat free’’ did not necessarily mean less calories,
development became more focused toward caloric reduction and fat reduction.
The term ‘‘fat replacer’’ is a generic term for any bulking agent or ingredient that
somehow replaces fat in a system. Fat extenders serve to extend the usefulness of
a reduced amount of fat in a food. This could be an emulsifier or something
coated with a fat—so that the fat is still a part of the system. A fat substitute
actually has the characteristics of fat but is absorbed differently (or not absorbed
at all) by the body, resulting in less caloric density. An example of this would
be olestra, caprenin, or salatrim. Fat barriers reduce the amount of oil migration
into a product (doughnuts, french fries). A number of film-formers such as
starches and celluloses could be placed here. Finally, fat mimetics are ingredients
that somehow partially imitate fat, usually by binding water. Many of the carbo-
hydrate and protein fat replacers would fall into this category. Another way to
look at fat replacers is to place them into general application classes—the sim-
plest classification is to classify them as (a) modified fats or (b) water binders.
It is more fair and easier to discuss properties when they are classified by their
chemical identity—carbohydrate, protein, or fat. Many fat replacers do function
by binding water, but thinking of this in terms of their chemical class helps to
explain how they accomplish this and whether more functional ingredients are
available. A number of general reviews on fat replacers have been published (6–
14) and can be consulted for more specific information. Because virtually every
ingredient that participates in water binding or structure setting in foods could
be considered a fat replacer, this will be a general overview of those potential
ingredients.

A. Carbohydrates

At many ingredient trade shows, about 50% or more of the products promoted
as fat replacers have been carbohydrates. Carbohydrates generally mimic fat by
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binding water, thus providing lubrication, slipperiness, body, and mouth-feel.
Carbohydrate adjustments can positively (or negatively) influence shelf-life,
freezing characteristics, and mouth-feel by affecting the physical state of the final
product (Fig. 2). Processing parameters such as pH, temperature, shear, and com-
patibility with other ingredients, as well as the rheological character of the carbo-
hydrate, must be considered. Guar, locust bean, and xanthan gums are effective
thickeners across a number of food categories (15, 16). Pectins can form soft to
hard gels and are widely used in jams, jellies, and tomato-based products. Algi-
nates and carrageenans are commonly used in ice-creams, puddings, fruit gels,
and salad dressings. Most gums, depending on form and/or processing conditions,
can be used as gelling agents or thickeners.

Gellan gum, approved as a food additive in 1990, is produced by Sphingo-
monas elodea (known earlier as Pseudomonas elodea). Gellan exists in two
forms—a native, acylated form and a deacylated form. Both forms have a glu-
cose, glucuronic acid, rhamnose backbone (2:1:1), forming a linear tetrasaccha-
ride repeating unit. The acylated from provides elastic gels; the deacylated form
provides a more brittle gel. Gellan is compatible with a number of other gums
(xanthan, locust bean), starches, and gelatin to manipulate the type of gel, elastic-
ity, and stability and can form strong brittle films exhibiting oil and moisture
barrier properties.

Fiber should always be considered for fat replacement and as a replacement
for flour and other caloric ingredients (17). ‘‘Dietary fiber’’ as a classification
encompasses a wide range of fiber sources that vary in their physical properties.
Two subclasses are recognized—soluble and insoluble—which are very different
in chemistry and physiological effects. Insoluble dietary fibers, the predominant
class, are insoluble in aqueous enzyme solution. About two thirds to three fourths
of the dietary fiber in a typical diet is insoluble. Soluble dietary fiber is soluble
in an aqueous enzyme system but can be precipitated with 4 parts of ethanol to
1 part of the aqueous mixture. Certain nonabsorbable, nondigestible saccharides
are not precipitated in alcohol, and so are not counted as soluble fiber in the
current method, even though they contribute to physiological functions and may
be beneficial to health. These include insoluble resistant starch, polydextrose,
Fibersol-2, fructooligosaccharides, inulin, polyols, and d-tagatose. At this point,
these products cannot be claimed in total dietary fiber (TDF), but work is under-
way to change this.

Cellulose is the most abundant source of insoluble dietary fiber, as well as
the most abundant carbohydrate in nature, making up a significant part of the
mass of a plant. Cellulose is a linear polymer of beta-1,4-linked d-glucose undi-
gestible by the human gastrointestinal tract (in contrast, the alpha-1,4-linked glu-
cose in starch is highly digestible). Sources are predominantly plant cell walls—
foods high in insoluble fiber are whole grains, cereals, seeds, and skins from fruits
and vegetables. Cellulose is available in a number of forms—from mechani-
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cally disintegrated forms to fermentation-derived to chemically substituted or
hydrolyzed versions (Fig. 3). The most common cellulose product found in foods
is microcrystalline cellulose (MCC). Many forms are available—MCC as is,
MCC with carboxymethylcellulose (CMC) added, or MCC in combination with
other gums such as guar and sodium alginate, as well as a range of particle sizes.
MCC and its derivatives have been used extensively to replace calories and fat.
Other cellulose derivatives such as methylcellulose and hydroxypropyl methyl
cellulose (HPMC) have been used for years as multipurpose thickeners because
of their ability to hydrate and build viscosity quickly to form clear gels of varying
strengths.

Powdered cellulose, at 99�% TDF, is marketed in various fiber lengths to
provide a range of water-holding capabilities. Powdered cellulose is derived from
wood pulp, treated to remove lignin and other impurities, then milled to a range
of fiber lengths from 22 to 120 µm in length. Chemically, it is 90% beta-1,4
glucan plus approximately 10% hemicelluloses. Because it is almost pure TDF,
powdered cellulose is considered to be noncaloric. Depending on fiber length,
powdered cellulose can retain 3.5–10 times its weight in water (longer fiber
lengths are able to retain more water, also increasing the viscosity of the food
system).

Insoluble fiber is an important tool for fat reduction and for caloric reduc-
tion. Powdered cellulose, cellulose gums, microcrystalline cellulose, and cellu-
lose gels, as well as other plant fibers (oat fiber, soy fiber, wheat fiber, rice flour,
hydrolyzed oat flour, etc.), present a wide variety of possibilities in terms of
water-binding, viscosity, film-forming, gelling, and pulpiness. Most of these are
regarded as ‘‘natural,’’ if that is a consideration. When considering these for
use, many factors should be considered—water-holding capacity, texture, TDF,
caloric density, ingredient legend compatibility, color, and cost to name a few.

Figure 3 Forms of cellulose commercially available.
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The U.S. Department of Agriculture’s Agricultural Research Service has
had an ongoing program for several years to develop usable products from ag-
ricultural by-products such as grain hulls (oat, corn, rice, soybean, peas) and
brans (corn, wheat). This has resulted in some new products that have exhibited
potential as fat-replacing ingredients, including oatrim, Z-Trim, and Nu-Trim
(18). Developed as a fat replacer, oatrim is USDA patented and was licensed to
ConAgra, Quaker Oats, and Rhône-Poulenc. Quaker Oats and Rhône-Poulenc
joined forces and ConAgra (through Mountain Lake Manufacturing Company)
joined with A.E. Staley Co. Oatrim is enzymatically hydrolyzed oat flour con-
taining 5% beta-glucan soluble fiber. Starch in oat flour or bran is hydrolyzed
by α-amylase to form a more soluble material (oat β-glucan-amylodextrins) la-
beled as ‘‘oatrim’’ or ‘‘hydrolyzed oat flour.’’ Similar to other carbohydrate and
protein fat replacers, oatrim can form a gel with water to mimic fat in a number
of food applications. From a caloric standpoint, if the gel contains 25% oatrim
at 4 kcal/g and the remaining 75% is water at 0 kcal/g, the gel is 1 kcal/g. USDA-
conducted studies suggest oatrim might have some hypocholesterolemic benefits,
but this product is not currently included in the list of oat products that can
carry nutritional labeling to that effect. Oatrim was used in several commercial
products, such as fat-free and cholesterol-free milks. On October 9, 1996, USDA
announced the development of another product—dubbed ‘‘Z-Trim’’ (for zero
calories). Whereas oatrim was developed from the inner, starch-containing part
of the hull or bran, Z-Trim was developed from the more cellulosic, outer portion.
In a process similar to the alkaline/hydrogen peroxide process, which led to a
USDA-patented oat fiber also licensed by ConAgra, the hulls of oats were treated
in a multistage process to remove the lignin. The resulting cellular fragments
were purified, dried, and milled. This dried powder could later be rehydrated to
form a gel or be incorporated directly into a food. The USDA applied for a
patent in 1995, but this product has not yet been commercialized. Nu-Trim was
introduced by USDA in 1998 as a physically modified soluble fiber product with
properties similar to oatrim.

Another fiber-containing ingredient that can take the place of fat in foods
is resistant starch. Because of its reduced caloric content, it functions mainly as a
bulking agent, although it can have other beneficial effects in the finished product.
Although the term ‘‘resistant starch’’ has only recently become well known, it
was coined in the early 1980s, and scientists discussed its dietary effects years
before that time. Resistant starches are starches and products of starch degrada-
tion that resist enzymatic digestion and act like dietary fiber. Resistant starch is
present in many foods—it is naturally found in coarsely ground or chewed cere-
als, grains, or legumes as a physically inaccessible starch (RS1). It also can be
found in bananas, high-amylose starch, and raw potato as naturally resistant or
ungelatinized granules (RS2). A third type of resistant starch (RS3) is generated
by retrograding starch during food processing. This variety can occur naturally
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in products such as bread, cereals, and cooked potatoes. Recently identified, an-
other type is classified as RS4. This is representative of starch that has been
rendered resistant by chemical modification. Currently, no commercial products
of this type exist. As knowledge of TDF developed through the 1980s, resistant
starches frequently were discussed, but no significant attempts were made to com-
mercialize them until the 1990s. The first resistant starch released and marketed
as such was an RS2 based on a high-amylose corn starch hybrid. The product—
Hi-Maize—was developed by Starch Australasia Ltd. and won the 1995 Aus-
tralia Institute of Food Science and Technology Industry Innovation Award in
Australia. Hi-Maize contained approximately 20–25% total dietary fiber and was
introduced into several breads and extruded cereals as a functional fiber in Austra-
lia. In 1991, Opta Food Ingredients, Bedford, MA, was granted a U.S. patent for a
concentrated, process-tolerant source of RS3-resistant starch in food applications.
Independently, National Starch and Chemical Company, Bridgewater, NJ, a ma-
jor food-starch producer, also was granted a U.S. patent on a common process
to produce RS3 starch. The companies agreed to cooperate to commercialize this
higher TDF (30%) product, resulting in the 1994 launch of two new products
marketed as resistant starches—Crystalean (an Opta Food Ingredients product)
and Novelose (a National Starch and Chemical Company product). National
Starch continued to expand its Novelose line, offering products with �40% TDF.
Resistant starch represents a functional fiber alternative. The RS3-resistant starch,
for example, has been shown to significantly improve expansion and eating qual-
ity for extruded cereals and snacks SP. The RS2-resistant starch performs well
in baked goods because of its small granule size and low water-holding capacity.
The RS2 product can be labeled as ‘‘cornstarch,’’ and the RS3 as ‘‘maltodex-
trin,’’ both already recognizable terms on many ingredient legends. They com-
pare well to several natural grain sources, contain little fat, are white in color,
and neutral in flavor. A 1996 American Institute of Baking study (19) determined
that although nearly one third of the resistant RS3 starch consumed is fermented,
it produces essentially no energy value.

Two fermentation-derived cellulosic thickeners and stabilizers were intro-
duced in the latter part of the 90s. PrimaCel (Monsanto) is produced by the
microbial fermentation of Acetobacter xylinum combined with sucrose and car-
boxymethylcellulose coagents to promote dispersion. The technology for this
food cellulose, also known as ‘‘microfibrous cellulose,’’ was originally developed
and patented by Weyerhaeuser Company. The product was previously known as
Cellulon. A Generally Recognized As Safe (GRAS) petition was accepted for
filing by the U.S. Food and Drug Administration in 1992. These fibers are ex-
tremely fine, with a 0.1-µm to 0.2-µm diameter, forming a strong, stable colloidal
network. Another fermentation-derived gum has found some success in Japan
and was recently given the green light in the United States. On December 16,
1996, the FDA approved curdlan for use as a formulation aid, processing aid,
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stabilizer, thickener, or texturizer in foods (21 CFR 172.809(b)). Curdlan is a
unique polysaccharide with potential uses as a texture modifier and/or gelling
agent in processed meats, noodles, surimi-based foods, and processed cooked
foods (20). Discovered in 1966 at Osaka University, curdlan (common name) is
a polysaccharide produced by Alcaligenes faecalis var. myxogenes—it is a linear
β-1,3 glucan, insoluble in water, alcohol, and most inorganic solvents, and is
indigestible—virtually 100% TDF. Once suspended, curdlan produces a weak
low-set gel if heated to 60°C and then cooled to less than 40°C. Gel strength
also increases with increased product concentration. If heated to greater than
80°C, a stronger, thermoirreversible gel forms.

Another Asian product, konjac flour, is a centuries-old ingredient obtained
by grinding the root of the Amorphophallus konjac plant (also known as elephant
yam). Konjac is GRAS and has been listed (FCC monograph) as konjac, konjac
flour, konjac gum, and konnyaku (21). Konjac’s average molecular weight is
200,000 to 2 million daltons (average, 1 million), with short side branches and
acetyl groups positioned at C-6 every 6 to 20 sugar units. Konjac is able to form
very strong, thermally reversible gels with carrageenan, xanthan gum, and locust
bean gum. Adding a base (potassium, sodium, calcium hydroxide, or potassium
or sodium carbonate) forms a thermally stable, nonmelting gel. Konjac also forms
a heat-stable gel with starch when it is cold-set by raising the pH.

Fibersol-2 is an indigestible dextrin produced by the acid and enzyme
hydrolysis of cornstarch (22). It is claimed as 40–50% soluble fiber and would
be stated on an ingredient legend as ‘‘maltodextrin.’’ Fibersol-2 contains α-1,4,
α-1,6, and β-1,2, β-1,3, and β-1,6 glucosidic bonds. It is soluble at up to 70% dry
solids at 20°C and has low viscosity. A similar product with excellent solubility is
Benefiber, a hydrolyzed guar gum (23). Inulin also is not a new dietary compo-
nent—but only during the last several years has it been heavily marketed in the
United States. After starch, inulin is the most abundant nonstructural polysaccha-
ride in nature—being the energy reserve in thousands of plants. As an oligosac-
charide, inulin is extremely well known and widely used in Asia. Oligofructose
is present naturally in onions, asparagus, leeks, garlic, artichokes, bananas, wheat,
rye, and barley. For the purified form, manufacturers generally turn to the more
concentrated sources—chicory (�70% inulin on dry solids) and Jerusalem arti-
choke (also �70%).

Chemically, inulin is a 2 → 1 fructan with the general formula:

Gfn

where G � glucosyl unit, f � fructosyl unit, and n � number of fructosyl units
linked n(2). The degree of polymerization (DP) ranges from 2–60. Oligofructose,
another product on the U.S. market, contains a mixture of Gfn and independent
fructosyl units, with an overall DP of 2–20. In 1992, Zumbro, Inc. (Hayfield,
MN) began marketing a Jerusalem artichoke flour based on a 1991 FDA letter
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verifying that it is recognized as a food. The flour marketed by Zumbro contains
13.2% dietary fiber and 65.7% carbohydrates (78.4% DP-2, 15.2% DP-2 as
fructose/fructose and fructose/glucose). Inulin can been used for fat replacement
in food products in dry and gel form because a 30–40% solids gel has a fatty
feel. The gel strength can be varied to result in a low-calorie fat replacement for
specific uses. Several studies indicate the caloric value of inulin is approximately
1.0 to 1.5 kcal/g. Inulin is metabolized preferentially by bifidobacteria in the
colon, thereby providing many benefits. However, inulin’s uses in foods are still
poorly understood. Many Asian and European uses have focused on the health
benefits, which are unknown to the U.S. consumer.

In most cultures, plants or plant-derived ingredients (such as flour) have
long been used as thickening agents. In plants, starch is a reserve carbohydrate,
deposited as granules in the seeds, tubers, or roots. These starch granules differ
in size and shape, depending on the plant source (Table 2). Granules of rice starch
are small (3–8 µm), polygonal in shape, and tend to aggregate, thereby forming
clusters. Cornstarch granules are slightly larger (approximately 15 µm) and round
to polygonal. Tapioca granules are even larger (approximately 20 µm), with
rounded shapes that are truncated at one end. Wheat starch tends to cluster in
several size ranges: normal granules are approximately 18 µm; larger granules
average about about 24 µm; and smaller granules average approximately 7 to 8
µm, with round to elliptical shapes. Potato starches are oval and very large, aver-
aging 30 to 50 µm. It is important to note these variations in granule size and
shape because they yield distinct differences in viscosity development, stability,

Table 2 Starches—Sources
and Modifications

Source

Corn (common, waxy, high amylose)
Rice
Tapioca
Potato
Wheat

Chemical modification

Cross-linked
Substitution
Acid hydrolysis (particle gel)

Physical modification

Pregelatinization (instant)
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mouth feel and rate of gelatinization in products. Starch is a carbohydrate poly-
mer, consisting of anhydroglucose units linked together by λ-D-(1 → 4) gluco-
sidic bonds arranged as two major types of polymers, known as amylose and
amylopectin. Amylose is primarily linear, containing anywhere from 200 to 2000
anhydroglucose units. Amylopectin is a branched polymer, also connected by
λ-1-D (1,4) glucosidic linkages, but with periodic branch points created by
β-D-(1,6) glucosidic linkages. Amylopectin is typically much larger than amy-
lose, with molecular weights in the millions. Amylose and amylopectin contain
an abundance of hydroxyl groups, creating a highly hydrophillic (or water-loving)
polymer that readily absorbs moisture and disperses well in water. Because amy-
lose is linear, it has a tendency to align itself in a parallel nature with other
amylose chains, leading to precipitation (in dilute solutions) or retrogradation (in
high solids or gels). On the plus side, it also can lead to the formation of strong
films, which are extremely useful in certain food applications. The negative side
is that amylose can detract from the clearer food products by contributing opacity
and also tends to mask delicate flavors (24).

Because of its branching, amylopectin forms clearer gels—often favored
in the food industry—that do not form strong films or gels. Retrogradation occurs
less readily. In the native form, most starches contain 18–28% amylose, with the
remainder as amylopectin. Corn and wheat starches contain approximately 28%
amylose, whereas potato, tapioca, and rice varieties are closer to 20%. Two ge-
netic varieties of corn have become popular and well accepted in the industry:
‘‘waxy’’ starch, which contains amylopectin with practically no amylose, and
high-amylose starches. Of the high amylose starches, two varieties exist: approxi-
mately 55% amylose and approximately 70% amylose. Obviously, waxy starches
develop weak gels with excellent clarity and are poor film formers. On the other
hand, high-amylose starches form very opaque, strong gels and are excellent film
formers. Because of the number of hydroxyl groups available on the starch poly-
mer, starches are, very fortunately, easily modified for a wide array of food-
industry applications.

During the ‘‘fat-free era,’’ a number of starches were developed for the
purpose of fat reduction. Examples of this are two potato-based enzymatically
converted products from Avebe America, Inc., Princeton, NJ. Paselli SA-2, and
a cleaner flavor version, Paselli Excel. Because of the degree of hydrolysis re-
quired to thin these products, these are labeled as ‘‘maltodextrins’’ (dextrose
equivalent is less than 3). The much blander flavored version was developed to
work with delicate flavors. Gels (minimum 18% solids) produced from this prod-
uct are composed of microparticles 1 to 2 µm in size and are smooth and creamy.
Avebe also added an improved taste version of their 6 DE hydrolyzed potato
starch, Paselli D-Lite. This was recommended for taste-sensitive dairy appli-
cations, such as no-fat vanilla ice-cream, dairy desserts, dairy beverages, or
reduced-fat salad dressings. National Starch also designed a series specifically
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for fat-replacement systems, tagged N-Lite, labeled as ‘‘food starch-modified.’’
One version was recommended specifically for liquid food systems, such as
spoonable salad dressings, soups, and microwavable cheese sauces, where it pro-
vides lubricity without gelling. A pregelatinized version, LP, was designed to be
specific for cold-process liquid applications. Another product designed to func-
tion in fat replacement systems was Staley’s Instant Stellar, a modified corn-
starch acid hydrolyzed to produce a loose association of crystallites. Xanthan
gum aids dispersion and hydration of these crystallites. A ‘‘particle gel’’ network
effectively immobilizes water in the formation, creating rheological traits similar
to shortening. In addition to their corn-based products, several manufacturers
have tapioca starches as part of their product mix, and tapioca and waxy corn
are frequently featured as part of the same class or series of product. Tapioca,
potato, and rice starches have been recognized to provide flavor advantages over
corn, and these corps, plus wheat, are recognized as offering allergenicity advan-
tages because of their low protein levels. Within the processed meats industry,
modified corn, wheat, and potato starches compete with proteins as water binders
in low-fat meat applications. Using starches as water binders in a fat-replacement
system maintains consistent moisture, flavor, and texture throughout product
shelf-life.

In a discussion of starches, it should also be noted that syrups produced
by enzyme and/or acid hydrolysis of starches from any of these sources can be
used to control texture and water activity in food products. High fructose syrups
(42% or 55% fructose) are extremely sweet and are low in molecular weight.
Corn syrups are available in a wide range of dextrose equivalents, which can be
used as a tool for adjusting the level of sweetness (sweetness decreases as the
DE is decreased) and also controlling water activity (be aware of the degree of
polymerization, or DP, range of the product). Maltodextrins and syrup solids can
also be used in this way to manipulate the water activity of a formulation. If
calorie reduction is a consideration, monosaccharide and disaccharide sugar alco-
hols (polyols) should be considered (25, 26). Many of these are available in crys-
talline or syrup form, with caloric densities ranging from 0.2 to 3.0 kcal/g. These
include sorbitol, erythritol, mannitol, isomalt, lactitol, xylitol, and maltitol.

Similar in function to the syrups, a hydrated polydextrose can contribute
syruplike qualitites at 1 kcal/g. Polydextrose has been used in ice-creams, confec-
tionery, and jams and jellies for caloric reduction. In high-moisture applications,
it can provide a ‘‘slippery’’ mouth-feel that can somewhat mimic fat. In lower
moisture applications, polydextrose can provide some hygroscopicity to the final
product, which contributes to softening. The original polydextrose product was
acidic and slightly bitter because of citrate residual in the product. Newer, less
acidic versions are now available for lightly flavored foods.

Glycerine (Fig. 4) is a carbohydrate well known for its use in fruits and
candies as a control for drying and graining, as well as softness control (27, 28).
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Figure 4 Structure of glycerine.

It is used in jelly candies, fudge, cake icings, cookie fillings, dried fruits, and
citrus fruit peels. It prevents oil separation in peanut butter and acts as a softener
and humectant in shredded coconut. Glycerine has been used extensively to in-
fluence texture and decrease water activity in low-moisture fat-free and fat-
reduced products. It is extremely effective, but use is restricted by its sweet,
astringent taste. A significant indirect use is the reaction of glycerine with fats
and fatty acids to form monoglycerides and diglycerides—emulsifiers important
to fat reduction. Beyond the basic emulsifiers, glycerine is used to produce poly-
glycerol esters, which have become prominent in many of the new entries into
the reduced-fat arena. Most of the glycerine now produced is natural—a by-
product of production of soaps, fatty acids, and fatty acid esters.

B. Proteins as Fat Replacers

A protein’s contribution to fat replacement is determined by the extent of denatur-
ation, which affects flavor and the protein’s solubility, gelling properties, and
temperature stability (Table 3). Proteins are important as whipping agents, foam
and emulsion stabilizers, and dough strengtheners (29). Gelatin and egg albumen
have been used extensively in fat-reduced baked goods, frostings, and marshmal-
lows. Soy proteins, egg albumen, wheat gluten, nonfat dry milk, caseinates, and

Table 3 Functionality of Protein-
based Fat Replacers

Water-binding
Emulsification
Viscosity
Film formation
Opacity
Whipping and foam stabilization
Binding
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whey protein concentrates (WPC) are often used to strengthen fat-reduced pasta,
bread, and sweet goods.

Whey proteins and WPC have been used extensively in dairy-based appli-
cations (30). Some of these products are based on the ‘‘microparticulated’’ con-
cept and consist of extremely small particles within certain size ranges—this is
the concept initiated by Simplesse, which was developed as a whey protein or
egg protein–derived fat replacer (31). These particles mimic a fatlike sensation
on the tongue. Other products, such as DairyLight and DairyLo were based
on controlled denaturation to provide a workable viscosity in processing, particu-
larly in ice-creams.

In processed meats, soy protein isolates and concentrates provide high pro-
tein quality, meatlike texture and appearance, excellent firmness, reduction in
purge (or water loss), and brine retention in injected products. Soy proteins are
used for a number of functions, but the top four are emulsification, fat absorption,
hydration, and texture enhancement. Because they are concentrated proteins, soy
proteins can also be used for film formation, adhesion, cohesion, elasticity, and
aeration. Soy flour contains up to 50% protein and also retains carbohydrates,
fiber, and fat (unless it is a defatted flour). Soy protein concentrates are made
primarily by alcohol extraction of a portion of the carbohydrates from defatted,
dehulled soybeans. As awareness of isoflavones has increased, manufacturers
have developed other processes to preserve isoflavone content. Most of the fiber
is retained in a soy protein concentrate, and these must contain at least 65%
protein on a moisture-free basis. The most concentrated soy protein source is
isolated soy protein, required to have at least 90% protein on a moisture-free
basis. These are generally extracted with water from defatted, dehulled soybeans.
Because 90% of the product is protein, isolates contain very little fiber or other
components.

C. Fat-based Fat Replacers

The fat-based fat replacers have the advantage of a closer relationship chemically
with fats, and so physical appearance, thermal stability, and melting points may
be a little closer (Table 4). Emulsifiers such as lecithin, monoglycerides and di-
glycerides, DATEM, SSL, polyglycerol esters, and sucrose esters have been used
to extend the available fat in the system, allowing one to increase water content,
more fully aerate if needed, improve processing characteristics, stabilize emul-
sions, and improve shelf-life by complexing with starches and proteins (Table 5).

The concept of structured fats has been around for a number of years. Al-
though medium-chain triglycerides have long been recognized for their nutraceu-
tical potential, their major drawback may be education of the consumer and cost
(32). Medium-chain triglycerides (MCT, C6 � C12) are metabolized differently
than long-chain triglycerides (LCT, C14 � C24). LCTs are hydrolyzed, then re-
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Table 4 General Categories of Fat-based Fat Replacers

Emulsifiers

Molecular backbones to which fatty acids are attached in such a way that digestion is
altered, but functional properties are retained (e.g., Olestra)

Glycerol backbones to which groups with poor digestibility are attached (e.g.,
Caprenin, Salatrim)

esterified to triglycerides, then imported into chylomicrons, which enter the lym-
phatic system. MCTs bypass the lymphatic system. They are hydrolyzed to MC
fatty acids, which are transported by way of the portal vein directly to the liver,
where they are oxidized for energy. They are not likely to be stored in adipose
tissue. For enteral and parenteral feeding, their advantage is already known.
MCTs provide patients with an energy source similar to glucose, but with twice
the caloric value.

The group of fat replacers with the most consumer consciousness at this
time are the synthetically structured fats (33, 34). In any discussion of fat substi-
tutes, these hold the most interest because they are designed to look and act like
fats, but they contribute fewer calories and less fat. Two approaches to this have
been taken: (a) work from a glycerol backbone and attach planned ratios of long-
chain (LC) saturated fatty acids with very low caloric density and shorter-chain
(SC) fatty acids with slightly lower caloric density than LC fatty acids (caprenin,
salatrim); or (b) attach fatty acids to a nonglycerol backbone in such a manner
that the molecule is poorly absorbed in the body (olestra). Because the first
method results in a triglyceride similar to what could be found in nature, the
regulatory route is far shorter: Have it reviewed by an expert panel, file a GRAS
petition, and commercialize. The second route is a little more complex. A full
food additive petition is required and because of the amount of fat that could

Table 5 Functional Properties of Emulsifiers

Increase water content
Aeration to reduce density
Use fats more efficiently
Improved processing
Stabilize emulsions
Release agent
Starch, protein interactions
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potentially be replaced in the diet, approval will be on a category-by-category
basis until there is an adequate comfort level with any potential side effects.

Although the ‘‘ultimate fat substitute’’—heat-stable, fryable—seems to be
in the olestra-type class, other developers of fats have chosen a more limited
route. Several companies have worked toward synthesizing carefully structured
triglycerides with a glycerol backbone, viewing GRAS approval as a much faster
route to regulatory acceptance. This is usually done through interesterification,
a modification process that results in the rearrangement of the fatty acids of the
triglyceride molecule. Through choices of starting materials (different oils or
fats), catalysts and/or enzymes, and kinetics, this reaction can be more directed
toward a relatively specific end product. This means that the choice of fatty acids
involved, as well as their relative ratios, can be limited. Interesterification has
been used for some time as a more randomized process to produce plastic fats
from animal/vegetable fat blends for use in margarines. The first product com-
mercialized under this grouping was caprenin, a reduced-calorie designer fat con-
sisting of three fatty acids: capryllic (eight carbon atoms, no double bonds), capric
(10 carbon atoms, no double bonds), and behenic acid (22 carbons, no double
bonds). Behenic acid is only partially absorbed by the body, and the medium-
chain fatty acids have lower caloric densities than longer-chain fatty acids,
resulting in a total caloric density for caprenin of 5 kcal/g. Caprenin was com-
mercialized as a cocoa butter replacer and was launched in two products. Un-
fortunately, the product had difficult tempering characteristics and appeared to
increase serum cholesterol slightly, resulting in its withdrawal from the market.

As caprenin was being tested, another family of restructured fats was being
developed by Nabisco Foods Group, Parsippany, NJ. Salatrim, which is an acro-
nym for short and long acyltriglyceride molecule, is a family of structured triglyc-
erides based on the use of at least one SC fatty acid and at least one LC fatty
acid (stearic, C-18). Salatrim triglycerides typically contain one or two stearic
acids combined with specific ratios of SC fatty acids (acetic, C-2; propionic, C-
3; and butyric, C-4). As with naturally occurring triglycerides, the properties of
salatrim are dictated by the fatty acids used, as well as their position of the mole-
cule. The first product, trademarked Benefat 1, was developed to replace cocoa
butter in confectionery applications. A GRAS petition was filed in December
1993 and was accepted for filing by FDA in June 1994. Safety studies have shown
no effect on serum cholesterol, no effect on absorption of fat-soluble vitamins,
and have verified the safety of the molecule. Salatrim is the generic name for
this class of molecules, and it is the name used on an ingredient legend. Because
of the lower caloric density of stearic acid and the SC fatty acids, salatrim contrib-
utes a total of 5 kcal/g. Because the FDA has no regulation for food factors
regarding fat reduction (only calories), these claims resulted in some controversy
and discussion at FDA. In its 1994 petition, Nabisco claimed that because five-
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ninths of the fat available in salatrim was used by the body, the product would
have a food factor of 5/9—related to both fat and calories.

The ideal fat replacer, or fat substitute, should have a physical appearance,
thermal stability, and melting point close to that of the fat being replaced. The
‘‘synthetic oil’’ approach has been to devise a molecular backbone to which fatty
acids can be attached such that digestion is altered. Olestra is a mixture of hexa-,
hepta-, and octa-fatty acid esters of sucrose (35). As opposed to the glycerol
backbone of triglycerides, olestra has a sucrose backbone, to which six to eight
long fatty acid chains have been added (70% of the molecules have eight long
chains). Olestra is synthesized from sucrose and vegetable oil (cottonseed or soy-
bean), and it has physical properties comparable to conventional fats used in
savory snacks and crackers. The complexity of the molecule inhibits the activity
of digestive enzymes required to break it down. Therefore, olestra passes through
the body undigested, contributing no fat or calories to foods. Olestra is a thermally
stable, fryable fat substitute that can substitute for all of the oil in a product,
contributing essentially no fat and no calories (36–38). This has been commer-
cialized in several lines of potato and tortilla chip products.

On January 24, 1996, the FDA approved olestra for use ‘‘in place of fats
and oils in prepackaged ready-to-eat savory (i.e., salty or piquant, but not sweet)
snacks. In such foods, the additive may be used in place of fats and oils for frying
or baking, in dough conditioners, in sprays, in filling ingredients, or in flavors’’
(CPR 172.867c). The product must bear an informational statement that says,
‘‘This product contains olestra. Olestra may cause abdominal cramps and loose
stools. Olestra inhibits the absorption of some vitamins and other nutrients. Vita-
mins A, D, E, and K have been added.’’ Olestra’s approval by the FDA did not
come without cost—nearly 30 years, 270 volumes of data, and more than 150
long-term and short-term studies.

The synthetic route to healthy fats is not easy. Other fat substitute projects
have either stalled out or have been placed on hold as the olestra project has
progressed. Pfizer Food Science Group developed a mixture of fatty acid esters
of sorbitol (Sorbestrin), which was reported to be a thermally stable, fryable fat
substitute with a caloric content of 1.5 kcal/g. This product is not available com-
mercially, and its use would require a full food additive petition in the United
States. Other potential fat substitutes based on the same idea—fatty acid esters
of novel backbones—will face the same scrutiny (and expense), so we cannot
expect any newcomers to this area in the foreseeable future. Projects (Table 6)
reported at ARCO Chemical Company (EPG, or propoxylated glycerol esterified
with fatty acids), Frito-Lay Inc. (DDM, or dialkyl dihexadecylmalonate), and
Best Foods (TATCA, trialkoxycitrate and trioleyltricarballyates) have not re-
ceived much press in recent years, but these also would require approval as food
additives. Although successes have been achieved recently in what are termed
‘‘structured fats,’’ these have not come without considerable time and cost. The
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Table 6 Other Acaloric or Low-calorie Fat Substitutes (No FAPs
to Date)

EPG (esterified propoxylated glycerol)
ARCO/CPC
Patented 1989
Glycerin reacted with propylene oxide, esterified with fatty acids

DDM (dialkyl dihexabecylmalonate)
Dicarboxylic acid esters of fatty alcohols
Frito-Lay (1986)

TATCA (trialkoxytricarballylate, trialkoxycitrate)
CPC/Best Foods (1985)
Margarines

laborious process of developing an olestra-like product will prevent most ingredi-
ent suppliers from exploring that route. New developments will be focused on
those categories that will bear the cost.

D. Blending Ingredients

Another strategy that is somewhat old but has resulted in a number of useful
products is the use of blends and coprocessed ingredients (Table 7). The num-
ber of these products seems to be increasing over the last couple of years as
suppliers struggle to come up with more ‘‘user-friendly’’ or process-friendly fat-
replacement systems (39). Several of these have found their way into fat replace-
ment and can be useful if a cost/benefit exists. If these ingredients are targeted
toward one category (such as baked goods or ice-cream), they are definitely worth
assessing. If the product claims it ‘‘works in everything,’’ one should question
what else is needed in the formulation to support such a use. Fat does not have

Table 7 Types of Composites Available

Fruit blends
Syrups/humectants
‘‘Natural’’

Flavor/Functional
Stabilizers (e.g., ice-cream, bakery)
Others

N-Flate (National Starch)
K-Blazer(s) (Kraft Food Ingredients)
Yogurtesse (Mid America Dairymen)
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the same function in all foods, so it is unlikely that one blend could replace it
across all categories. A number of blends have experienced some success, for
example: stabilizer systems in ice-creams and baked goods; cellulose gums; many
natural blends derived from fruit concentrates and pastes; and a number of spe-
cialty ingredients designed to act as fat replacers. Most of these follow the sys-
tems approach, and therefore are combinations of hydrocolloids and fiber, hydro-
colloids and emulsifiers, hydrocolloids and opacifiers, etc. The advantage in using
blends or coprocessed ingredients depends on the applications: If it works, and
the cost is right—why not? In the fast-track world of product development, this
could mean the difference between success and failure. Blends also can be a way
to better distribute small amounts of small-percentage ingredients on a functional
carrier. Examples of this would include emulsifiers on a hydrocolloid carrier or
enzyme-emulsifier coprocessed ingredients. Flavors also are often incorporated
into these ingredients. These can be flavors that help to supply missing notes that
occur through the absence of a highly flavored fat such as butter or may include
other flavoring systems. If the supplier will work with the product developer to
customize these ingredients, the effort is well worth it. Technical service from
the supplier is essential to maximize the ingredient’s performance. ‘‘Across the
category board’’ blends and coprocessed ingredients should be avoided unless
the supplier is willing to customize.

III. SUMMARY

Consumers expect more than just fat reduction. They have an increasing aware-
ness that calories are just as important, if not more important, than fat levels,
and that other elements of food are important in maintaining overall health. Many
of these new ingredients also provide an added bonus—the presence of insoluble
or soluble fiber for health benefits and calorie reduction. New fat-reduction strate-
gies can be found in those three words: ‘‘cost,’’ ‘‘benefit,’’ and ‘‘quality.’’ Cost
control is a constant consideration in product development, and the ingredients
that have made inroads into the market have done so with a cost/benefit of the
ingredient in mind. Quality improvement has caused product developers to main-
tain a watch for new and emerging ingredients that might provide a quality they
need for certain formulations. Many say nothing new has emerged from ingredi-
ent technology during the last several years. This may seem the case on the sur-
face, because regulatory approval is sometimes difficult, budgets are tight, and
product development timelines do not always allow for evaluation of something
new. Once developed, several years might transpire before a new ingredient
‘‘breaks through’’ in a market. But new products have emerged and new ideas
incorporating old products have proven successful. In particular, fiber seems to



Fat and Oil Replacers 539

be making a comeback because of its low calories and nutritional benefits. Many
of these ingredients also deliver functional benefits that increase their value to
designers trying to formulate lower fat, lower calorie foods.
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microfibrous cellulose, 527
monoglycerides, 533
Nu-trim, 526
oatrim, 526
olestra, 534, 536
oligofructose, 528–529
polydextrose, 525, 531
polyglycerol esters, 533
potato starches, 529, 530, 531
powdered cellulose, 525
propoxylated glycerol esterified

(EPG), 536
protein fat replacers, 532–533
resistant starch, 526–527
rice starch granules, 529, 531
salatrim, 534–536
Sorbestrin, 536
sorbitol, 531
soy protein isolates, 533
SSL, 533
sucrose esters, 533
systems approach, 523, 538
tapioca, 531
trialkoxycitrate and trioleyltricarbally-

lates (TATCA), 536
whey protein, 533
xanthan gums, 524
xylitol, 531
Z-trim, 526

Fats, 520–521
caloric value, 520
in foods, 520
function, 520
intake guidelines, 520
nutritional need for, 520
properties, 520–523
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Federal Food, Drug, and Cosmetic Act
of 1938, 7–8

Fiber, 524
FIber, insoluble, 525
Fibersol-2 (see Maltodextrin)
Flavanone glycosides, 88, 96
Flavonoids, 88
Flavor enhancer, 136
Food additives, 7

approval of, 7–9
definition, 7

Food and Drug Act of 1906, 7
Food Chemical Codex, 6
Food starch modified, 531
Fructooligosaccharide, 524
Fructose, crystalline, 367–390

absorption, 377
admixture potential, 373–374
appetite, effect on, 381
applications, 382–387
blends, 373–374
browning in, 275
colligative properties, 374
cost, 387
diabetics, use by, 377, 379
economics, 387
flavor development, in, 375
freezing point depression, 374
gelatinization, in, 376
glycemic effect, 381
glycemic index, 381–382
humectancy, 374–375
hygroscopicity, 374–375
manufacture, 368
marketing, 387–388
metabolism, 109, 376
natural occurrence, 370
physical properties, 370–373
regulatory status, 388
solubility, 368, 374
storage and handling, 388–

389
sweetness, 371–373
sweetness profile, 373
synergy, 373–374

Fruit sugar (see Fructose)

Gellan gum, 524
Generally Recognized As Safe (GRAS),

7, 10
GRAS notification, 9–10
GRAS affirmation petition, 9–10, 262

General purpose sweetener, 1
Glycemic index, 381–382, 408
Glycerine, 531–532
Glycyrrhizin, 209–211

ammoniated glycyrrhizin, 210
biological activity, 211
dental properties, 211
derivatives of, 210
flavor potentiator, 211
glycyrrhizin monoglycoside, 210
monoglucuronide, 210
periandrins, 210
source, 209
structure, 210
sweetness intensity, 210
triterpene glycosides, 210, 211
use, 211

Guar gum, 524, 528

Hernandulcin, 216
safety, 217
source, 217
structure, 217
sweetness, 217
taste, 217

Hesperetin dihydrochalcone, 88
Hesperidin, 88
High fructose corn syrup, 391–412

analysis, 402–404
applications, 406–408
characteristics, 397–399
consumption, 408
cost, 410
dextrose equivalent (DE), 405
economics, 410–411
glycemic index, 409
history, 391
production, 394–397
properties, 404–405
regulatory status, 408
safety, 409–410
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[High fructose corn syrup]
specifications, 400
stability, 399, 400
storage, 400
sweetness intensity, 404
transport, 399

Hydrangea macrophylla, 213
Hydrogenated glucose syrups, 255
Hydrogenated starch hydrolysates, 255–

264
acceptable daily intake (ADI), 262
acidogenicity, 260
admixture potential, 259
applications, 256, 258–259
caloric value, 261
cost, 259
dental properties, 260
diabetic, use by, 261
gastrointestinal tolerance, 261
glycemic effect, 261
GRAS petition, 262
metabolism, 259
physical properties, 256, 258
production, 256
regulatory status, 262
safety, 262
sweetness, 258

Hystar (see Hydrogenated starch hydro-
lysates)

Ideal sweetener, 2, 265, 463
Instant Stellar (see Food starch modified)
International regulatory groups, 5
Inulin, 524, 528–529
Iryanthera laevis, 90
Isomalt, 265–282, 531

acceptable daily intake (ADI), 273
admixture potential, 267–268
applications, 273–279
caloric value, 272
dental properties, 272
chemical properties, 271
cooling effect, 268
diabetics, use by, 273
gastrointestinal tolerance, 273
hygroscopicity, 269

[Isomalt]
metabolism, 272
physical properties, 265, 269–271
production, 266
regulatory status, 279
safety, 273
solubility, 269
stability, 270, 271
sweetness, 267
synergy, 267–268
taste, 267
viscosity, 270

Isomaltulose, 413–422
applications, 419–420
blood glucose, effect on, 418
chemical properties, 417
chemical structure, 413
dental properties, 417–418
gastrointestinal tolerance, 419
insulin, effect on, 418
metabolism, 417
molecular weight, 413
physical properties, 415, 417
production, 413
regulatory status, 420
safety, 419
sensory properties, 415
solubility, 417, 420
stability, 417
sweetness, 415

Jerusalem artichoke flour, 528–529
Joint Food and Agriculture

Organization/World Health Orga-
nization Expert Committee on
Food Additives (JECFA), 5

Konjac flour, 528

Lactitol, 297–316, 531
acceptable daily intake (ADI), 298
applications, 310–313
caloric value, 299–300
dental properties, 300, 302–304
diabetics, use by, 300
freezing-point-depression, 308
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[Lactitol]
heat of solution, 308
hygroscopicity, 305–306
melting point, 305
metabolism, 298–299
molecular weight, 297
physical properties, 304
prebiotic effects, 300
preparation, 297
properties, 298
regulatory status, 313
safety, 298
solubility, 306
stability, 309
structure, 297
sweetness, 305
viscosity, 307
water activity, 306

Lecithin, 533
Licorice, 209
Lippia dulcis, 217
Litesse (see Polydextrose)
Lithocarpus litseifolius, 90
Locust bean gum, 524
Lo Han Kuo, 212
Long-chain triglycerides, 533–534
Lycasin (see Hydrogenated starch hydro-

lysates)

Mabinlins, 215
sweetness, 215
use, 215

Maltitol, 283–296, 531
acceptable daily intake (ADI), 292
applications, 286–287
caloric content, 290–291
carcinogenicity, 291
cooling effect, 284
cost, 287
dental properties, 287–289
diabetic, use by, 290
gastrointestinal tolerance, 289–290
metabolism, 287
physical properties, 284–286
production, 283
regulatory status, 292–293

[Maltitol]
safety, 291–292
specifications, 285
structure, 284
sweetness, 285

Maltitol Syrup (see Hydrogenated starch
hydrolysates)

Maltodextrin, 527, 530
Maltol, 94
Mannitol, 317–334, 531

absorption, 322
applications, 324, 329–332
caloric value, 323
chemical inertness, 331
dental properties, 324
diabetic, use by, 323
gastrointestinal tolerance, 320
hygroscopicity, 319
metabolism, 322
natural occurrence, 317
production, 317–318
regulatory status, 333
solubillity, 319
stability, 319, 331
structure, 318
sweetness, 320
taste, 320

Maumee Chemical Co., 149
Medium-chain triglycerides, 533–534
Metabolism, alitame, 36 (see also Indi-

vidual sweeteners)
Methanol, 42, 47
Methyl anthranilate, 147
Microcrystalline cellulose, 525
Miracle fruit, 225
Miraculin, 225
Mixed sweetener functionality, 463–480

applications, 466
carbonated beverages, in, 468–472
chewing gums, in, 473–478
dry mixes, in, 472–473
fructose, in blends, 472
processed foods, in, 478
stability, 469, 478
sweetener blends benefits, 464–465
tabletop sweetener, in, 466–468
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Mogrosides, 211–213
properties, 212, 213
safety studies, 213
source, 212
structure, 212
use, 212, 213

Momordica grosvenorii Swingle, 211–212
Monoglycerides, 533
Monellin, 215

source, 215
sweetness, 215
taste, 215

Multiple sweetener approach, 4

Naringin, 88, 94
National Academy of Sciences (NAS)

cyclamate, 75–76
National Cancer Institute, 75–76

cyclamate, 75–76
Neohesperidin dihydrochalcone, 87–104

acceptable daily intake, 96
admixture potential, 94
analytical methods, 98–99
applications, 93
availability, 99
caloric value, 96
carcinogenicity, 96
Citrus aurantium, 88
Citrus maxima, 88
Citrus paradisii, 88
decomposition, 92

in jam, 92
degradation, 93
flavor enhancement, 94
GRAS status, 96–98
hesperidin, 88
limonin, 94
metabolism, 96
mutagenicity studies, 95
naringin, 88, 94
origin, 88
patents, 99
preparation, 88
properties, 90
regulatory status, 96
safety, 95–96

[Neohesperidin dihydrochalcone]
sensory properties, 93
solubility, 90
sources, 88
stability, 90, 92–93

in fruit based soft drinks, 92
in milk products, 93

sweetness intensity, 93
taste, 93–94
toxicology studies, 95–96
UDP-rhamnose, 88

Neotame, 129–145
application, 131

in carbonated soft drinks, 134
in confectionery, 136
in tabletop, 134

blends, 138
carcinogenicity studies, 139–140
consumption, 135, 144
degradation, 130, 133

in carbonated soft drinks, 133
environmental impact, 144
flavor enhancement, 135–136
functionality, 131
human studies, 143
maximum tolerated dose, 140
metabolism, 142
mutagenicity studies, 141–142
no observed effect level (NOEL), 141
palatability, in animals, 140
patents, 129, 143
plasma half life, 142
regulatory status, 143
reproduction studies, 141
safety, 139
solubility, 137–138
stability, 130–133
structure, 129
sweetness intensity, 129, 134–135
synergy, 138
synthesis, 129
taste, 129, 133, 135–136
teratology studies, 141
toxicological studies, 139–143

Net energy, 344
N-Lite (see Food starch modified)



Index 549

No observable effect level (NOEL), 11
alitame, 37

Novelose (see Resistant starch)
NutraSweet (see Aspartame)
Nu-Trim, 526

Oatrim, 526
Oil replacers (see Fat replacers)
Ortho-toluenesulfonamide, 149
Osladin, 219

source, 219
structure, 220
sweetness, 219

Olestra, 534, 536
Oligofructose, 528
Oximes, 221

perillartime, 221
SRI oxime V, 222

Palatinit (see Isomalt)
Paselli SA-2 (see Potato starch)
Pentadin, 216

source, 216
sweetness, 216

Pentadiplandra brazzeana, 216
Pentosuria, 343
Periandrins, 210
Perilla frutescens, 221
Perillartine, 221

analogs, 222
structure, 222
sweetness, 221
taste, 221
use, 221

Phenylalanine, 47
Phenylalkanoic acid, 226
Phenylketonuria, 46
Phyllodulcin, 213–214

extraction, 213
purification, 213
safety, 214
source, 213
structure, 213
sweetness, 214
taste, 214
use, 214

PMC Specialties Group, Inc., 149
Polydextrose, 499–518, 524, 531

acceptable daily intake (ADI), 515
applications, 509–513

in baked goods, 509–510
in chewing gum, 510
in confections, 510
in fillings, 512
in frozen dairy desserts, 511–
512

in gelatins, 512
in hard candy, 512–513
in puddings, 512
in salad dressings, 510

caloric value, 499, 502, 515
dental properties studies, 506
functions, 506–509

as a bulking agent, 506–507
as a cryoprotectant, 508
fiber properties, 509
freezing point depression, 507–
508

mouth/texture, 507
as a preservative, 508
osmotic activity, 508

gastrointestinal tolerance, 513–514
humectancy, 504
labeling, 515
Litesse, 502
metabolism, 513
molecular weight, 501
production, 500
regulatory status, 514–515
solubility, 502–503
stability, 506
structure, 500
taste, 505–506
viscosity, 503–504
water activity, 504–505

Polyglycerol esters, 533
Polyols, 235, 255, 265, 297, 283, 317,

335
benefits of, 4
erythritol, 235–254
hydrogenated starch hydrolysate,

255–264
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[Polyols]
isomalt, 265–282
lactitol, 297–316
maltitol, 283–296
mannitol, 317–334
sorbitol, 317–334
xylitol, 335–366

Polypodium glycyrrhiza, 219
Polypodium vulgare, 219
Polypodosides, 219

safety, 220
source, 219
structure, 220
sweetness, 220
taste, 220

Potato starch, 530, 531
Powdered cellulose, 525
PrimaCel (see Microfibrous cellulose)
Prior sanction, 7
Propoxylated glycerol esterified (EPG),

536
Pterocaryosides A and B, 220

source, 220
structure, 221
sweetness, 220

Queeny, John F., 148

Rebaudioside A, 167, 173
Rebaudioside C, 169, 173
Red Book, 8
Regulation of food additives, 7
Regulation of sweeteners, 7
Relative sweetness, 3, 65
Remsen, Ira, 147–148
Resistant starch, 526–527
l-rhamnose, 109, 111
Rice starch, 531
Richardella dulcifica, 225
Roosevelt, Theodore, 149
Rubusoside, 217

safety, 218
source, 217
sweetness, 218
use, 218

Rubus suavissimus, 217

Saccharin, 147–165
admixture potential, 152, 155
applications, 160–161

during World War I, 149
blends, 155–158, 466–478
cost, 152
discovery, 147
epidemiology, 161
functionality, 160
hydrolysis, 158–159
International Agency for Research on

Cancer (IARC), 1, 161–162
metabolism, 161
National Toxicology Program (NTP)

delisting, 162
PMC (Maumee) process, 149
production, 147, 148–151
properties, 151

forms of, 151–152
regulatory status, 162
Remsen and Fahlberg process, 149
safety, 1
shelf life, 158
stability, 158, 160
sweetness intensity, 147, 152
synergy, 152
taste of, 4, 155, 158
toxicity studies, 161

human studies, 161
rat studies, 161

warning label, 162
Salatrim, 534–536
Scientific Committee for Food of the

Commission of the European
Union, 5–6

Sherwin Williams Co., 149
Simplesse (see Whey protein)
Siraitia grosvenorii (Swingle) C. Jef-

frey, 212
Sorbestin, 536
Sorbitol, 317–334, 531

absorption, 322
applications, 324–329
blends, 327
caloric value, 323
cryoprotectancy, 327
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[Sorbitol]
dental properties, 324
diabetics, use by, 323
gastrointestinal tolerance, 320
humectant properties, 329
hygroscopicity, 319, 326
metabolism, 322
molecular weight, 322
natural occurrence, 317
production, 317–318
properties, 328
regulatory status, 332–333
solubility, 319
stability, 319, 328
structure, 318
sweetness, 320
taste, 320

Sorbitol syrups, 255
Soy protein isolates, 533
Splenda (see Sucralose)
SRI Oxime V, 222

safety, 222
structure, 222
sweetness, 222
taste, 222

SSL, 533
Steroidal saponins, 219

osladin, 219
polypodosides, 219

Stevia rebaudiana (see Stevioside)
Steviol glycoside analogs, 169, 174,

175, 218
effects on reproduction, 177
toxicity studies, 175–177

Stevioside, 167–183
admixture potential, 172, 174
applications, 172
approval, 172
availability, 171
cost, 171
cultivation, 168
dental properties potential, 179
dihydroisosteviol, 178
flavoring agent, 172
half-life, 174
human exposure to, 180

[Stevioside]
hypotensive effect, 178
melting point, 169
metabolism, 174
molecular weight, 169
production, 167–169
rebaudioside A, 167
regulatory status, 180
S. rebaudiana, 172
safety studies, 174–178

effects on carbohydrate metabo-
lism, 178

effects on cellular and subcellular
metabolism, 179

effects on fertility, 177
genetic toxicity studies, 175
mutagenicity studies, 175–176
effect on renal function, 179
effects on reproduction, 177
other biological activities, 178
toxicity studies in rodents, 174

solubility, 169
stability, 169, 172
structure, 169
sweetness intensity, 170
taste, 171
use, 168, 172, 173

Sucralose, 185–207
acceptable daily intake (ADI), 191
analytical methods, 204
animal studies, 189–190
applications, 204–206
caloric value, 185
chemical interactions, 196–197
dental properties studies, 186, 191–192
discovery, 185
human studies, 190
hydrolysis, 189
metabolism, 189
model dry food systems, 198–199
model liquid food systems, 199–201
patent status, 206
physical properties, 185
refractive index, 195
regulatory status, 191, 204
reproduction studies, 190
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[Sucralose]
safety, 189–190
solubility, 185, 192–193
stability, 185, 197–198, 199, 201–203
structure, 186
surface tension, 195
sweetness intensity, 186
synthesis, 189
taste quality, 188
temporal qualities, 187
usage levels, 187, 206
viscosity, 193

Sucrose esters, 533
Sugar, function in foods, 70
Suosan, 223

analogic, 223
sweetness, 223
taste, 223

Sweetener blends, 466, 468–472, 473,
478, 482

acesulfame K, 18, 24, 25
alitame, 32
aspartame, 45
cyclamate, 68
neohesperidin dihyrochalcone, 87
tagatose, 118–119, 124

Sweetness inhibitors, 226–229
arylalkylketones, 227
2-(4-methoxyphenoxy) propionic

acid, 226
phenylalkanoic acid, 226
triterpene glycoside, 227

Sweetness inducers and enhancers,
225–226

Sweetness modifying substances, 225–226
arabinogalactin, 226
curculin, 225
mirculin, 225

Sweetener-sweetener salts, 481
Synergy (see also Mixed sweetener func-

tionality), 4, 467
acesulfame K, 17
alitame, 32
benefits, 465
cyclamate, 68
neotame, 138
saccharin, 152

Synsepalum dulcificum, 225
Systems approach, 538

Tagatose, 105–127
absorption, 108–109
application, 106, 122–123

in breakfast products, 124
in confectionery, 123–124
in ice cream, 124
in prebiotic foods, 111
in soft drinks, 124
in wine gum, 123

blends, used in, 118–119, 124
caloric value, 111–112, 125
chemical properties, 122
dental properties, 111
dental properties studies, 112–114
diabetes studies, 112
diabetics, used by, 111
excretion, 109
fermentation, 109–110, 111, 115–117
flavor enhancement, 118, 125
gastrointestinal effects, 117–118
heat of solution, 122
hygroscopicity, 121
metabolism, 108, 109
origin, 105
patents, 106
physiological properties, 111
prebiotic properties, 114–117
production, 106–107
properties, 105
regulatory status, 125
solubility, 121
stability, 108, 122–123
structure, 105, 119
sweetness intensity, 106, 118
synergy, 119
toxicology studies, 125
viscosity, 122
water activity, 121

Talin (see also Thaumatin)
Tapioca, 531
Thaumatin, 214–215

regulatory status, 215
source, 214
use, 215
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Thaumatococcus daniellii, 214
Toxicological Principles for the Safety

Assessment of Direct Food Addi-
tives and Color Additives Used in
Food, 8

Trehalose, 423–462
applications, 441
caloric value, 439
carmelization, 437
chemical composition, 424–425
color stabilization, 447–448
consumption, 424
cost, 440
dental properties, 450
fat decomposition prevention, 444
flavor enhancement, 448
glass transition properties, 432, 424–

436
history, 423
human tolerance, 452–453
hygroscopicity, 430
Maillard reaction, 437
malaborption, 452–454
metabolism, 450–452
nutritional profile, 439
physical properties, 425
production, 426–427
protein stabilization, 441
regulatory status, 440
safety, 454–456
shelf-life, 440
solubility, 432
source, 424
stability, 431, 436
starch stabilization, 441, 443–

444
sweetness, 428–429
taste, 430
technical qualities, 427–428
texture, 445–447
transport, 440
viscosity, 438

Trialkoxycitrate and trioleyltricarbally-
lates (TATCA), 536

Trihalogenated benzamides, 224
Triterpene glycoside, 210, 211, 227
Tryptophan derivatives, 224

Twinsweet (see Aspartame-acesulfame
salt)

Urea derivatives, 222
cyanosuasan, 223
dulcin, 222
suosan, 223

Whey protein, 533
World Trade Organization (WTO), 6

Xanthan gum, 524
Xylan, 335
Xylitol, 335–366, 531

absorption, 341, 343
acceptable daily intake (ADI), 353
admixture potential, 338
applications, 337, 339–341

as an excipient, 340
caloric value, 343–344
caries research, 345–348
cooling effect, 338
dental properties, 344
diabetics, use by, 349–350
evolving applications, 348

in acute otitis, 348
as a bulk satiety sweetener, 348

forms, 336
gastrointestinal tolerance, 353
human caries studies, 346
inertness, 339
metabolism, 341–343
parenteral nutrition, 351–352
properties, 337, 339
production, 335
regulatory status, 353
safety, 352
solubility, 338
source, 335
sweetness, 337
taste, 338
viscosity, 339

Xylose, 331

Zizyphin, 228
Ziziphus jujuba, 227, 229
Z-trim, 526




