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Chapter 5
Natural Sweeteners

Lina Maria Rayo-Mendez and Jaiber Humberto Rodriguez-Llanos

5.1  Introduction

Natural sweeteners are substitutes for sucrose also known as “table sugar”, com-
monly obtained from sugar cane (Saccharum officinarum) [1] and sugar beet (Beta 
vulgaris) [2], also substitutes for honey and maple syrup. These sweeteners are food 
additives (FAs) that provide or mimic a sweet flavor similar to sugar (sucrose) but 
with less caloric energy, then their impact on the diet is remarkably considered. 
Since the eighteenth century, the use of sugar in the form of sucrose extracted from 
sugar cane was widespread in the food industry and population [3, 4]. Over the 
years, metabolic disorders, obesity, and diabetes mellitus were increasing world-
wide, becoming a health problem, since those conditions can trigger other diseases, 
thus, a non-caloric, non-nutritive alternative was necessary to sweeten beverages 
and foods. The first sweetener discovered was saccharine in 1879, a synthetic sweet-
ener developed apparently as a suitable option for diabetic people [3]. Although 
sweeteners play an essential role in health and being safe for human diet, they are 
also important for the food industry since sweeteners are FAs that can provide spe-
cific characteristics to food products [5].

Water solubility, low rate of dissolution, temperature stability, colorless, odor-
less, length shelf life, non-toxic, non-after taste, low-cost and availability to produce 
it, among others [1, 6] are characteristics should be remarkably considered to choose 
a determine sweetener to food applications, beyond to sweeten foods, sweeteners 
are additives which also can provide properties of texture, moisture, bulk, flavor, 
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Fig. 5.1 Types of sweeteners and their classification according to calorie intake. (Adapted from 
García-Almeida et al. [7])

and color. In general, sweeteners can be categorized along two lines as high inten-
sity (Non-caloric) or bulk (Caloric) (Fig. 5.1). Consequently, those two categories 
can be further divided into natural, semisynthetic, and artificial sweeteners (syn-
thetic), depending on origin and production [8]. Categories as non-nutritive and 
nutritive, high, and low potency are usually used in the food industry, but still, the 
primary vantage of sweeteners is related to their low calories.

Natural (caloric) sweeteners are understood as minimally processed products 
extracted from plants or natural resources, these include sugars (sucrose, fructose, 
glucose, maltose, lactose, maltose, galactose, among others), honey, maple syrup, 
molasses, and coconut palm sugar, nonetheless with a high caloric level. In contrast, 
natural sweeteners (Non-caloric) have been also extracted from naturals sources 
(plants) or have undergone physicochemical processes, but all low calories, in this 
group may include Steviol glycosides (SGs), Glycyrrhizin, Thaumatin, Pentadin, 
Brazzein and Monellin [9]. Next are artificial sweeteners (synthetic), made strictly 
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from chemical substances through different reactions, which have high intensity 
sweetness power, such as acesulfame K, aspartame, alitame, cyclamate, neotame, 
saccharin, and sucralose. All of them have been applied in several foods and bever-
ages such as desserts, canned foods, dairy products, baked goods, carbonated bever-
ages, powdered drink mixes, soups, among others. However, artificial sweeteners 
consumption is regulated by the U.S. Food and Drug Administration by means of the 
acceptable daily intake (ADI) value, in view of some controversial safety health 
effects and instability of these sweeteners when applied in foods [10]. Low caloric 
sweeteners (semisynthetic) include sugars alcohols (erythritol, maltitol, lactitol, 
mannitol, glycerol, xylitol, isomalt) [11] and rare sugars (D-Tagatose, D-Allulose, 
D-Allose, L-Glucose, L-Ribose) [12], they are known also as semi-naturals because 
can be often found in foods or plants, however, are industrially treated through 
enzymes, yeasts or fungi to produce them [13]. As well as natural sweeteners can be 
applied in different preparations such as beverages, yogurts, cookies, cakes, and even 
in the cosmetic industry such as toothpaste, dental rinses, and so on [14]. According 
to Scoot et al. [15], people are becoming more conscious about their quality of life in 
terms of controlling weight and keeping it at acceptable levels. Thus, consumers in 
recent decades have focused on making choices for food products that do not directly 
affect health. On the other hand, the food industry has designed the development of 
lines of research into healthier foods for this market niche.

5.2  Main Natural Sweeteners: Properties and Applications

5.2.1  Erythritol

Erythritol is a natural sweetener found in fruits like grapes (0–42 mg/kg), melons 
(22–47 mg/kg), pears (0–40 mg/kg), mushrooms, seaweeds, wines (130–300 mg/l), 
beers, soy sauce (910 mg/l), sake (1550 mg/l), miso bean paste (1310 mg/l) [16, 17]. 
It was discovered in 1948 by the Scottish chemist John Stenhouse, isolated in 1952, 
and finally introduced to the Japanese market in 1990 as a sugar substitute for soft 
drinks, chewing gum, jams, and candies, and nowadays it is used as a growing 
ingredient [18–21]. For large-scale industrial production, erythritol can be obtained 
through several chemical methods, also extraction, however, fermentation is a more 
cost-effective process to produce it [17, 19]. Nowadays, glucose fermentation with 
yeast-like fungi such as Moniliella pollinis, Trichosporonoides megachiliensis, and 
Yarrowia lipolytica are commonly employed due to their high production. After the 
separation and purification process, erythritol results as a white-crystalline granular 
substance apparently similar to table sugar with a percent relative sweetness between 
60% and 70% when compared to sucrose [17], but with a glycemic index of 0 [5], 
being its most valuable property.

It belongs to the carbohydrate family known as a sugar alcohol, or polyol or 
polyhydric alcohol because of its hydroxyl groups (HO¯ radical) on the formula 
(Fig. 5.2). The polyols family is a class of low molecular weight compounds with a 
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Fig. 5.2 Chemical 
structure of erythritol

general formula of (CHOH)n H2 where n = 4–6. Erythritol is a 4-carbon sugar alco-
hol, its formula is C4H10O4, whose properties are: molar weight of 122.120 g/mol, 
density of 1.45 g/cm3, melting point at 126 °C, a boiling point between 329 and 
331 °C, solubility of 38% at 25 °C (61 g/100 g water), heat of solution of −43.9 cal/g 
[17, 21–23]. In spite of the name sugar alcohol, erythritol is a noncaloric organic, 
non-glycemic sweetener, then is safe for diabetic patients because there is no influ-
ence on blood insulin levels due to its chemical structure [17] and is secreted by 
urine [22].

Erythritol was approved as safe for consumption by FDA (Food and drug 
Administration) in the United States and also in the European Union (EU) under the 
code of E968 [18, 24, 25]. Because of its small molecular size, erythritol has a high 
digestive tolerance being absorbed into the small intestine and is no fermented in 
the large intestine as other polyols do, exhibiting a vantage among other sweeteners 
to use in food formulation. Although, doses should be regulated, due to excess 
larger than 50 g of intake can lead to borborygmus and nausea [26], according to 
Oku and Okazaki [27], the highest safe dose of erythritol is 0.80  g/kg BW for 
females and 0.66 g/kg body weight (BW) for males to avoid laxative effect on the 
body. Tetzloff et al. [28] observed that even daily doses of 1 g/kg BW were safe for 
humans without gastrointestinal effects and urinary electrolytes excretion was not 
affected.

Erythritol has been extensively used in foods due to its sweetness profile (60–70%) 
and texture (small crystals), similar to sucrose. The most common is the table-top 
use, but also it is a flavor enhancer in foods because of its large cooling effect when 
dissolved in water, an endothermic reaction caused for its high negative heat of solu-
tion of −43.9 cal/g. Although this is a normal characteristic of polyols, erythritol has 
the highest value when compared to the others and even sucrose. Perko et al. [23] 
studied the drop in temperature (cooling effect) of different polyols, dissolving 30 g 
of each sweetener in 100 g of water; authors observed that sorbitol, xylitol and eryth-
ritol temperature dropped from 37 °C to 31, 29, and 27 °C, respectively, and for 
maltitol, isomalt, and sucrose, temperature decrease only close to 35 °C for 13 s of 
time. The cooling effect might be potentially an advantage in enhancing consumer 
enjoyment of such mint-flavored products. Therefore, erythritol is commonly com-
bined with a mint flavor creating a feeling of freshness on chewing gums, hard can-
dies, frostings, ice creams and low-calorie beverages [6, 29–31]. Also, one of the 
advantages to used erythritol in food formulations is the no contribution to the for-
mation of tooth decay caused by dental plaque turning sugars into acid. Some of 
erythritol properties are summarized in Table 5.1. Erythritol is stable to acid and 
alkaline pH conditions, also to high temperatures even until 180 °C without decom-
position. It is a bulk sweetener providing volume which makes it a good ingredient 

L. M. Rayo-Mendez and J. H. Rodriguez-Llanos



127

Table 5.1 Applications of erythritol in food products

Properties
Industrial 
use Product References

Sweetener, flavor enhancer 
and cooling sensation

Food Frostings, chewing gum, hard candy, 
glazed goods, and chocolate

[6, 23, 29, 
32]

Sweetener and texture Bakery 
products

Cookies, muffins, and cakes [33–36]

to use in baked products such as cookies [33, 34], cakes [18, 35] and muffins [36], 
with good hedonic acceptance from consumers when compared to sugar products.

Akesowan [35] evaluated chiffon cakes containing 0, 25, 50, 75 and 100% of 
erythritol as a blend with sucralose as sugar (sucrose) replacer. Cakes made with 
50% of erythritol-sucralose had better scores an acceptable sensory quality similar 
when compared with control cake. Cake moistness and water activity increased as 
the level of erythritol-sucralose rise, while tenderness decreased. At 100% level, 
cake batter had a lower ability to retain air resulting in a compacted cake. These 
results were attributed to lower sweetener solubility in water compared to sucrose, 
leaving more available water to the process. But also, because sugar (sucrose) plays 
a role in wheat flour, used to produce cakes, delaying starch gelatinization affecting 
its temperature. Sucrose binds the amylose and amylopectin chains of starch in the 
amorphous zones of the granules, stabilizing them. These bridges increase energy 
requirements, which results in higher gelatinization temperatures [37]. Sweeteners 
are no able to create these bridges then sometimes it is necessary to use stabilizers 
such as inulin (a polysaccharide) and soluble fiber, mainly extracted from chicory 
root with a slightly sweet flavor with zero glycemic index, non-caloric and safe for 
diabetic people [20], but with properties of high swelling, then inulin bonds with 
water and can be used as a thickening agent.

Laguna et al. [34] produced cookies with 25% and 50% of erythritol and inulin 
as a sucrose replacement, obtaining a suitable dough from a processing point of 
view, and cookies color, but cookies with 50% erythritol were scored negatively for 
all sensory attributes being texture main. Cookies with 25% of erythritol obtained 
better scores from consumers’ acceptance also were harder than cookies made with 
inulin which were softer.

Erythritol used in chewing gum provides high flexibility and a soft texture, these 
properties increase chewing gum shelf life avoiding dryness and hard gums texture, 
undesirable characteristics for consumers [23].

5.2.2  Other Polyols

Other polyols are recognized as sugar substitutes, some examples are glycerol, xyli-
tol, sorbitol, and mannitol which are derived from monosaccharides, whereas malti-
tol, isomalt, and lactitol are disaccharide derivatives [1]. Although some are nearly 
50% as sweet as sucrose and their glycemic index is lower than sucrose, their con-
sumption is limited once those polyols may cause gastrointestinal discomfort to 
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human body, then their amount intake is regulated. Maximum bolus doses not caus-
ing laxation for sorbitol are 0.17 (males) and 0.80 (females) g/kg body weight, 
whereas maltitol, isomalt, and xylitol is 0.3  g/kg body weight (both males and 
female), and for erythritol is 0.66 and 0.80 g/kg body weight for males and females, 
respectively [23]. The industrial production of these polyols mostly involves the 
chemical hydrogenation of sugars, but low-cost alternatives such as biotechnologi-
cal production have been considered during the past years due to the high market 
demand for low-calorie sweeteners by fermentation through microbial routes [38]. 
The chemical and physiological characteristics of polyols are summarized in 
Table 5.2.

Besides erythritol, polyols also have a corresponding number from the European 
Union such as (E420) sorbitol, (E421) mannitol, (E953) isomalt, (E965) maltitol, 
(E966) lactitol, xylitol (E967) and erythritol (E968) [40]. Some polyols have been 
studied as sweeteners for chewing gum production because of their humectant, plas-
ticizing and cooling properties, but also because sugar-free chewing gum has proven 
to decrease caries incidence, these include xylitol, sorbitol [41] and erythritol [21]. 
Those sweeteners have gained interest because they are not metabolized by most 
oral bacteria, then they do not produce acid and the saliva pH does not decrease, a 
common factor after eating, in contrast, they increase or stimulate saliva production, 
a positive factor to prevent plaque and caries [41–43]. Jeon et  al. [44] observed 
xylitol affect negatively texture quality on moisture content and hardness of hard 
candy used in their formulation, because its high hygroscopicity, however blending 
isomalt, maltitol, and xylitol in different percentages as 90.21%, 8.63%, and 1.16% 
respectively produced high acceptability from consumers, in hard candies formu-
lated without sugar.

Erythritol is often used in chewing gum coatings, however rough surfaces are 
obtained due to the fast crystallization of this sweetener, consequently, sorbitol, 
maltitol, and xylitol represent an alternative to avoid this problem. Analysis of 
crunchiness and stability against moisture parameters, for chewing gum coatings 
using sorbitol, xylitol, isomalt, maltitol, and mixtures at a ratio of 40:60 of erythri-
tol/sorbitol and erythritol/maltitol were evaluated (Fig. 5.3). Chewing gum coating 
with xylitol showed similar results on all parameters, although the erythritol/sorbi-
tol 40:60 represented a suitable alternative to produce a chewing gum low calorie 
and with consumer acceptance [23]. These findings suggest that polyols combina-
tions may help the desirable characteristics to develop a product.

5.2.3  Tagatose

D-tagatose is a hexose monosaccharide classified as a “rare sugar” according to the 
ISRS (International Society of Rare Sugars) because minimal quantities are avail-
able in nature. In rare sugars group are also found low caloric monosaccharides as 
the L-glucose a L isomer of glucose synthesized artificially in a laboratory, the 
D-allulose and L-ribose, among others [12]. Lately, this natural sweetener has 
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Fig. 5.3 Chewing gum coating parameters (crunchiness, stability against moisture, cooling effect) 
compared to sorbitol, xylitol, isomalt, maltitol, and mixtures of erythritol/sorbitol 40:60 and eryth-
ritol/maltitol 40:60. Scale level (high = 7, low = 0). (Adapted from Perko and Decock [23])

attracted attention because beyond providing sweetness, it is an additive with many 
vantages and potential applications in food as a stabilizer, moisturizer, texturizer, 
and flavor enhancer. It is suitable for dental products It is suitable for dental prod-
ucts due to D-tagatose does not cause tooth decay, which happens with sugar, once 
this rare sugar is not converted to acids by bacteria in the mouth, this acid slowly 
dissolves the enamel creating holes and cavities in the teeth. D-tagatose is a health 
promoter since D-tagatose is partially absorbed, only 15–20% is metabolized on 
small intestine [45], therefore has a minimal effect on blood glucose and insulin 
levels, being fermented on large intestine where are produced short-chain fatty acids 
(SCFA) which improve the gut health [14, 46].

D-tagatose was discovered in 1987 by Lobry de Bruyn and Van Ekenstein who 
were experimentally studying the transformations of reducing sugars in aqueous 
alkaline solutions [47]. Although just until 2001 D-tagatose was considered as a 
GRAS (Generally Recognized as Safe) additive by the U.S FDA (Food and Drug 
Administration), and the FAO (Food and Agriculture Organization) has suggested 
its use in food products after several clinical studies regarding D-tagatose effects 
and tolerance in humans [48–55]. As well the European Union, South Africa, New 
Zealand, and Australia also approved its consumption as a new ingredient [56]. 
D-tagatose can be found naturally in limited amounts in pineapples, apples, oranges 
[57], in gum exudate of the cacao tree (Sterculia setigera) [58], as a component of 
an oligosaccharide in lichens of the Rocella species [59] and also in dairy products 
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when milk is heated as UHT, pasteurized milk [60–62]. Industrially D-tagatose 
could be synthesized from lactose, a disaccharide formed by D-glucose and 
D-galactose present in milk or whey with both by the chemical and biological 
(enzymatic) processes. Firstly, the lactose is hydrolyzed, and D-glucose is elimi-
nated, leaving only the D-galactose to be isomerized.

Under the chemical process, D-galactose is isomerized reacting with metal 
hydroxide (alkaline conditions) and neutralized with acid, after being filtered and 
purified, although this method involves the use of complex purification steps lead-
ing to the formation of unsafe chemical residues and a reduction in their sweetening 
properties representing high costs and disadvantages to producers. Then, several 
biological processes have been studied for years [63–65], since 1984, Izumori et al. 
[66] carried out the first enzymatic synthesis through the oxidation of D-galactitol 
using the enzyme sorbitol dehydrogenase from different microorganisms such as 
Arthrobacter globiformis ST48. Nowadays, the biological process more used is the 
isomerization of D-galactose using enzymes such as β-galactosidase and L-arabinose 
isomerase (L-AI) as biocatalysts, respectively, which is considered the greatest 
potential in use for the production of tagatose [67].

This sweetener is a 6-carbon monosaccharide with a chemical formula of 
C6H12O6, it is known as an epimer of D-fructose due to both chemical structures are 
similar, only D-tagatose differs from D-fructose at the 4-carbon atom (Fig. 5.4). It 
is highly similar to sweet sucrose with 92% of its content in an aqueous solution of 
10%, with a lower caloric value of 1.5 kcal/g, without after taste as other sweeten-
ers, and prebiotic, antidiabetic, and obesity control properties. It is stable in a pH 
range between 2 and 7, very soluble in water (58% w/w at 21 °C) [14]. In Table 5.3 
are shown the chemical and general properties of D-tagatose.

D-tagatose has a wide variety of uses in foods. As a low-calorie bulk sweetener 
make it a suitable ingredient for beverages (soft drinks) and dietary supplements. 
The flavor-enhancing properties of D-tagatose makes it a perfect and probable agent 
to mask the unpleasant taste of medicines or health products. Acu et  al. [69] 

Fig. 5.4 Chemical 
structure of D-tagatose and 
the D-fructose epimer with 
fourth carbon as mirror 
image of D-tagatose in red 
color
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Table 5.3 Chemical and general properties of D-tagatose [56, 68]

Properties Value

Systematic (IUPAC) name (3S,4S,5R)-1,3,4,5,6-Pentahydroxy-hexan-2-
one

Chemical formula C6H12O6

Molecular weight 180.16 g/mol
Melting temperature 134 °C
pH 2–7
Solubility 160 g/100 mL at 20 °C
Relative sweetness 92% of sucrose
Odor None
Color White
Form Crystalline solid
Caloric value 1.5 kcal/g
After taste None
Maillard reaction and caramelization Yes

IUPAC International Union of Pure and Applied Chemistry

evaluated the probiotic viability of ice cream made with frozen raspberry fruits, 
commercial raspberry and blackberry fruit purees, and tagatose as prebiotics. The 
authors observed that the ice cream samples maintained their probiotic properties 
during 120 days of storage and were generally well appreciated in terms of sensory 
properties by panelists.

In another research, Taylor et al. [70] used both partial and 100% sucrose replacer 
in cookies with tagatose. Rheological properties such as spread, hardness, and over-
all texture were similar when compared with control sweetened cookies (sucrose 
cookies), however, the authors compared the cookies having tagatose with cookies 
made with fructose which showed a softener dough cookie. Those results depend on 
sweetener solubility. D-tagatose solubility is slightly lower than sucrose at 20 °C 
(61% and 65%, respectively) while fructose is 88% at the same temperature. 
According to Manley [71], there are two types of cookies, hard and soft cookies, the 
difference is the existence or not of long chains of gluten that give the dough exten-
sibility. The gluten development in the dough is directly related to water availability 
in the process. More water available allows wheat flour proteins hydration, conse-
quently enabling the formation of the gluten chains. The dough will exhibit visco-
elastic properties giving rise to hard cookies without spreading the dough too far; 
therefore, cookies preserve their round shape on the baking sheet; however, when 
sugar amount is high and consequently highly soluble in water, water availability 
decreases, and gluten is not able to be developing resulting in softer cookies, due to 
the dough does not achieve elasticity, and it spreads during baking creating irregular 
sizes. Fat excess also interferes with gluten development, coating proteins in flour 
responsible for forming the gluten, making an impermeable layer on the dough. 
Low-fat content results in strong doughs. Thus gluten, water, sugar, and fat play an 
essential role in the dough [71].
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Tagatose also improved the color of the cookies, based on high scores data from 
panelists who liked the brown color of cookies with 100% tagatose cookies better 
than the control [70], this is due to tagatose participation in Maillard reaction and 
caramelization. Although the sweetness of 100% of tagatose was perceived, the 
overall likeness was acceptable for panelists. D-Tagatose is also useful as a textur-
izer and stabilizer enhancing storage stability by anti-blooming effects on chocolate 
when compared to sucrose and maltitol added to chocolate. Also, the acceptance of 
chocolates produced with tagatose was superior to stevia added chocolate, accord-
ing to consumers responses (n = 219). Tagatose was scored positively as more simi-
lar to sucrose added chocolate rather than stevia, also overall liking was better on 
texture, bitterness, duration of aftertaste and intensity of aftertaste [72]. In sum-
mary, Table 5.4 showed some applications of tagatose in different food and non- 
food products.

5.2.4  Steviol Glycosides

Among all-natural sweeteners, steviol glycosides SGs (stevioside and rebaudioside-
 A) are popularly known as zero-caloric intense sweetening compounds of natural 
origin [80]. Stevia rebaudiana Bertoni (Stevia) is a perennial herb of the Arteraceae 
family, native to South America. Stevia leaves contain steviol glycosides that have 
been used as a sweetener in South America for centuries and today their consump-
tion has spread throughout the world [81].

Table 5.4 Applications of tagatose in food and non-food products

Properties Industrial use Product References

Sweetener Food Frostings [56]
Probiotic and sweetener Food Ice cream [69]
Probiotic and sweetener Food Yogurt [73]
Sweetener and flavor 
enhancer

Food Beverages [74, 75]

Sweetener and flavor 
enhancer

Food Hard candies, soft candies and 
jelly

[56, 76]

Texturizer, stabilizer, and 
sweetener

Food Chocolates [72, 77, 
78]

Sweetener, color 
enhancer, texturizer

Food Baked food, cookies, cake [70]

Sweetener and texturizer Food Chewing gum [56]
Sweetener Food Breakfast cereals [79]
Sweetener and flavor 
enhancer

Cosmetic, personal 
hygiene

Toothpaste, mouthwash, cosmetics [67]

Sweetener Drug Oral antibiotics, Chewable 
flavored antibiotic tablets

[14]

Flavor enhancer Cosmetic Flavored lipstick [46]
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According to Singh et  al. [82], stevia rebaudiana (Bertoni) is a plant widely 
known in the Amambay region of Paraguay and used as a natural sweetener and in 
traditional local medicine. In addition to the sweetening power of stevia, it has bio-
active compounds with anti-inflammatory, immunomodulatory, antimicrobial, car-
diovascular, anticancer and antidiabetic properties [80]. Stevia extracts have been 
widely used to elevate sweetness levels in foods and the sweet taste of stevia is 
mainly attributed to various glycosides such as stevioside, rebaudioside-A, -B, -C, 
-D, -E and dulcoside-A.  Among them, stevioside, and rebaudioside-A can be 
extracted with hot water [80, 83, 84].

In the last two decades, stevia rebaudiana bertoni leaves have attracted much 
interest not only as a non-caloric sweetener known as steviol glycosides, but also as 
a valuable by-product [85]. In fact, the use of stevia rebaudiana bertoni leaf extracts 
as a low-calorie sweetener is trending upward for beverages, and these extracts are 
sources of bioactive compounds (e.g., polyphenols, chlorophylls, carotenoids, and 
ascorbic acid) with antimicrobial properties and antioxidants [86]. In this correla-
tion of interest and properties, stevia rebaudiana bertoni leaves have attracted much 
interest from researchers and the food industry not only as a non-caloric sweetener, 
but also as a valuable by-product [85].

Stevia rebaudiana is a perennial shrub, being a member of the 950 genera of the 
Asteraceae family. To date, more than 150 species of stevia are known, with stevia 
rebaudiana (Bertoni) being the one that differs from other species due to its high 
degree of sweetness [87]. Stevia rebaudiana is a short-day plant that grows up to 
1 m tall. Its leaves have an elliptical shape and a length between 2 and 3 cm with an 
alternating arrangement. The stem of the plant is fragile and allows a condition to be 
broken easily. In addition, its root system is extensive. The flowers have a white 
coloration and a pale purple color in the throat of the same. The flowers are smaller 
than the leaves and are arranged in the form of small corymbs [82].

Stevia can be found naturally in subtropical regions of semi-humid conditions at 
a height between 200 and 400 m above sea level. For its natural growth, rainfall of 
around 1500–1800 mm and a wide temperature range between −6 and 43 °C are 
required [8]. According to Yadav et al. [8], the first stevia crops were domesticated 
in 1968 in Japan, allowing in the 1970s stevioside, from the Stevia leaf, to become 
a commercially important sweetener and food supplement. Currently, Stevia has 
been adopted and commercialized by several countries such as Brazil, Korea, United 
Kingdom, China, and Malaysia.

From the leaves of the evergreen stevia rebaudiana Bertoni shrub, indigenous 
people obtained extracts that were used as a sweetener for various foods and bever-
ages and in medicines [88]. Steviol glycoside extracts of high purity (≥95%) after 
several studies have been approved for use as a food sweetener in several countries 
and regions, including the European Union and the United States. the sweetening 
property is a result of the presence of natural plant constituents known as steviol 
glycosides (SGs) [89, 90].

The SGs obtained from the plant are four-ring diterpenes composed of an agly-
cone backbone called steviol to which various numbers and types of sugars are 
attached (Fig. 5.5a). Currently, >40 SGs have been identified, stevioside (CAS No. 
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Fig. 5.5 Backbone structure of SGs (a), Stevioside (b), and Rebaudioside A (c). (Adapted from 
Anker et al. [81])

57817-89-7, 4–13% wt:wt, Fig. 5.5b) and rebaudioside A (CAS No. 58543-16, Reb 
A—2–4% wt:wt, Fig. 5.5c) being the most abundant glycosides in stevia rebaudiana 
leaves. Stevioside and Reb A are non-caloric compounds with a sweetening capac-
ity of around ∼200–300 times more than 0.4 M sucrose and are chemically very 
similar, differing only by an additional glucose fraction in Reb A. In general, SGs 
differ only in the number and type of monosaccharides attached to the aglycone [81].

According to Puri et al. [91], steviol is a chemically and thermally stable com-
pound, which does not lose its sweetness index of 300, thus allowing its wide use in 
various industries with possible application with greater use in the food industry. 
Consequently, Brahmachari et al. [88] cited that steviol has a wide acceptance of 
use worldwide, considered the “third” glycogen in the world; in addition, they 
report that there is no evidence of side effects related to its use in humans. On the 
other hand, Azarpazhood et al. [92] informed that stevioside and rebaudioside A 
have economic advantages when compared to other glycosides derived from 
this plant.

In addition to the known facts of its sweetening power, there is scientific evi-
dence that stevia has medicinal benefits, including nematicide, antioxidant, wound 
healing activity, antiviral, anti-inflammatory, antidiabetic, and kidney protection 
[93–96]. Stevioside is non-toxic and its therapeutic value consists of the possibility 
of replacing sugar and the ability of this compound to stimulate insulin secretion in 
the pancreas in the treatment of diabetes and other disorders of carbohydrate metab-
olism [97].

Interestingly, stevia-derived glycosides are non-carcinogenic, non-mutagenic, 
non-teratogenic, and do not induce acute or subacute toxicity [98]. It is important to 
highlight that those studies show an improvement in cholesterol regulation with the 
frequent use of stevia, in addition to presenting antiviral properties and producing a 
positive therapeutic effect in neuralgia treatments [99]. Researchers have associated 
the benefits of Stevia mainly to its nutritional composition, since it has a good 
source of carbohydrates, protein, and crude fiber, thus promoting well-being and 
consequently reducing the risk of certain diseases. In Table 5.5 it is possible to find 
the nutritional information of stevia reported by several authors.
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Table 5.5 Approximate analysis of dried stevia leaves

Components

Comment on
Jyoti 
et al. 
[100]

Goyal 
et al. [101]

Serio 
[102]

Abou-Arab 
et al. [103]

Lemus-Mondaca 
et al. [104]

Kaushik 
et al. [105]

Moisture 7 4.65 Nd 5.37 Nd 7.7
Carbohydrates 52 Nd 53 61.9 35.2 Nd
Protein 10 11.2 11.2 11.40 20.4 12
Fat 3 1.9 5.6 3.73 4.34 2.7
Crude Fiber 18 15.2 15 15.5 Nd Nd
Ash 11 6.3 Nd 7.41 13.1 8.4

Nd not determined

Consequently, it is possible to observe that there are no significant changes in the 
composition reported by the researchers, thus allowing the possible application of 
the extracts as dietary supplements.

In relation to the numerous results found in the literature that report the benefits 
of stevia, it has a potential for use as a source of natural antioxidants in the cosmetic 
and food industries. It should be noted that even though stevia did not present levels 
of toxicity and was accepted as a GRAS food, several authors still recommended 
caution regarding the use of extracts before further toxicological studies are carried 
out due to the cytotoxicity of ethanolic and aqueous glycol extracts [106]. Table 5.6 
shows the wide use of stevia at an industrial level, focusing on the use of elements 
of natural origin to reduce the impacts that synthetics can bring. It is clear that this 
natural sweetener has been widely used in the food and beverage industry as well as 
the pharmaceutical industry. Its use and acceptance at the medicinal level is due to 
studies that have shown promising benefits against diabetes, obesity, hypertension, 
cancer, tooth decay, oxidative and antimicrobial stress.

5.2.5  Glycyrrhizin

The glycyrrhizin (18 β-glycyrrhetinic-acid-3-O-[β-d- glucuronopyranosyl-(1 → 2)-β-d-
glucuronopyranoside], GL), which is more correctly called glycyrrhizinic acid 
[117], is a kind of natural edulcorant as well as one component in Oriental medi-
cine. The hydrophobic backbone is built by a triterpene called glycyrrhetinic acid 
[118]. GL is the main component of licorice extract (Glycyrrhiza glabra), being 
commonly used as a sweetener. GL is until 150 times sweeter than sucrose [119]. 
Moreover, it exhibits low toxicity and is therefore used as a sweetener. However, the 
recommended daily consumption is less than 0.229  mg glycyrrhizin/kg body 
weight/day [120].

According to Zhang et al. [120], licorice extract is extensively used worldwide as 
a natural sweetener, pharmaceutical agent, and dietary supplement. Besides that, 
glycyrrhizin is generally regarded as safe (GRAS) in the USA, European, and other 
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Table 5.6 Principal industrial applications of stevia

Properties
Industrial 
use Product References

Antioxidant Food Wheat bread [107]
Improve concentration of phenolic 
compounds and antioxidant

Food Juice [108]

Antioxidant Food Yogurts [109]
Organoleptic properties Food Oatmeal raisin cookies [110]
Sensory acceptability Food Dairy dessert [111]
Biosurfactant Food Small micelles with size of 

around 4.70 nm
[112]

Anti-tumor property Medical Na [113]
Anticancer activity (gastrointestinal 
cancer cells)

Medical Na [114]

Colon cancer cell lines Medical Na [115]
Reducing glycemic index Medical/ 

Food
Bakery (Muffins) [116]

Na not applicable

countries [121]. On the other hand, in the literature it is possible to find evidence 
indicating that glycyrrhizin has other differentiated biological activities when com-
pared to other sweeteners, thus, it is possible to cite its anti-inflammatory [122], 
antioxidant [123], antiviral [124], antitumor [125] and hepatoprotective [126] 
activity.

Native to Asia and the Mediterranean region, licorice (Glycyrrhiza glabra) is a 
tall shrub in the family Leguminosae, thus the genus Glycyrrhiza Linn. (Fabaceae) 
is composed of approximately 20 species [127]. Although most commercial licorice 
is extracted from varieties of G. glabra grown in southern and central Europe (var. 
typica), central and southern Russia (var. glandulifera) and Iran and Iraq (var. vio-
lacea). Licorice also grows in the United States (var. lepidota) and England (var. 
typica), but neither represents a significant contribution to world production [128]. 
According to Isbrucker et  al. [128] the fresh root contains about 20% of water- 
soluble extractives, and around 3–5% of the root is composed of glycyrrhizin, pres-
ent as a mixture of potassium and calcium salts. Licorice root extract contains 
between 10% and 25% glycyrrhizin as the primary active ingredient. Minor con-
stituents which may also confer some pharmacological activities include liquiriti-
genin, isoliquiritigenin, and their corresponding aglycones [129].

Chemically, glycyrrhizin is composed of hydrophobic aglycone 
18β-glycyrrhetinic acid (C30H46O4, 470.68  g/mol) bound at position C-3 via an 
ether bond to a sugar chain composed of two glucuronic acid units, making the 
molecule amphiphilic (Fig. 5.6) [118]. The acidic group at the C-20 position of 
glycyrrhetinic acid significantly influences the amphiphilicity of the whole mole-
cule depending on the pH value. The polyvalent weak acid group also determines 
the solubilizing properties of the molecule. According to Matsuoka et  al. [118], 
glycyrrhizin is insoluble at low and native pH (pH ≤ 4.5). In contrast, at pH 4.5–5.0, 
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Fig. 5.6 Chemical structures of Glycyrrhizinic (a) and Glycyrrhizinic acid (b). (Adapted from 
Graebin [117])

the anisotropic structure of glycyrrhizin led to the formation of rod-like micelles 
and fibrils with a height of 2.5 nm and periodicity of 9 nm that self-assembled 
either at the interface or within the continuous phase into a fibrillary network at 
concentrations of 5.3–10 mmol/L [130]. Upon increasing concentrations, this is 
most probably due to the deprotonated acidic bound groups to the backbone at 
opposite sites, which causes the loss of the clear amphiphilic structure and more-
over induces repulsion effects between different glycyrrhizin molecules [131, 132].

According to Hosseini et al. [133], the sweetening power of glycyrrhizin allows 
it to be commonly used in the agro-food industries and due to its versatility, saponite 
has its scope in traditional Chinese, Tibetan and Indian medicinal preparations, 
while glycyrrhetinic acid is used in the treatment of chronic liver diseases, being 
marketed in Japan, China, Korea, Taiwan, Indonesia, India and Mongolia [117].

The extracts collected or the powder prepared predominantly from the roots and 
rhizomes usually hold pharmacological importance. Thus, Wang and Nixon [134] 
evaluated the potential anticancer effects of licorice extract and glycyrrhizable com-
pounds by establishing that licorice polyphenols induce apoptosis in cancer cells. 
Thus, these and other activities of licorice infer a suggested justification for combi-
nations of agents in preventive clinical trials. On the other hand, Ruschitzka et al. 
[135] evaluated the effects of glycyrrhizin (50 mg/kg, i.p., twice a day for 7 days) 
on nitric oxide production and vascular endothelin response were monitored in male 
Wistar rats. The aortic endothelial nitric oxide response was significantly inhibited 
by glycyrrhizin treatment, as indicated by reduced aortic tissue nitrate concentra-
tions and decreased endothelial nitric oxide synthase protein levels.

Recently, Gomaa and Abdel-Wadood [129] reported scientific evidence on the 
use of glycyrrhizin and licorice extract as a fighting agent against COVID-19. Thus, 
the researchers conclude that in relation to the literature, licorice extract has capac-
ity against COVID-19, but that randomized clinical trials are needed to reach an 
accurate conclusion [136]. The sweet-tasting yellow licorice root extract, which is 
considered a blend with various bioactive constituents (flavonoids and various phe-
nolic acids), has a variety of benefits and applications [137, 138]. For example, 
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polyphenolic compounds like tannins and flavonoids, which are found in abundance 
in licorice extract, are radical scavengers. In general, naturally occurring phyto-
chemical substances with antioxidant/free radical scavenging characteristics based 
on their existing structure in plant extracts are reported to have corrosion inhibitory 
capacity [139]. Licorice being a traditional Chinese medicinal herb began to be used 
in industrial applications with wide impact in the food and cosmetics indus-
tries [140].

Licorice and licorice derivatives are generally recognized as safe (GRAS) for use 
in food by the US FDA (21 CFR 184.1408 [141]). In Table 5.7, the maximum autho-
rized concentrations for the use of licorice (glycyrrhizin) and its derivatives for use 
in food are established.

Regarding the limitations established by the FDA, it is possible to find in the 
literature several applications of GL in the food industry, as can be seen in Table 5.8, 
which presents the wide use of the sweetener at an industrial level.

However, as licorice application scenarios continue to be discovered, the world-
wide demand for licorice is also increasing and the problem of supply of licorice 
resources has arisen [136]. China is a major producer of licorice and its products 
and is extensively involved in the international licorice trade. However, at the same 
time, China faces depletion of licorice resources and related international trade 
competitive problems. Thus, Han et al. [152] conclude that still, the main focus is 
on the use of licorice extracts, while there is little attention given to licorice resi-
dues. Further inferring that it is necessary to pay attention to the transformation of 
licorice waste into by-products and increase the added value to promote a circular 
economy in addition to promoting cooperation and exchange between the main pro-
ducers to improve the industrial chain and achieve the sustainable use of resources.

GL has wide acceptance and industrial use around the world. Therefore, given 
the properties of licorice and its active constituents, it is suggested that their poten-
tial roles be evaluated by their effects on both food and medicine. However, further 
studies are needed to confirm these effects.

Table 5.7 Maximum authorized concentrations of glycyrrhizin in foods regulated by Food and 
Drug Administrations (FDA) [141]

Food category
Maximum allowable levels of 
glycyrrhizin

Functional 
use

Baked goods 0.05 FE, FA
Alcoholic beverages 0.1 FE, FA, SA
Non – alcoholic beverages 0,15 FE, FA, SA
Chewing gum 1.1 FE, FA
Hard candy 16.0 FE, FA
Soft candy 3.1 FE, FA
Herbs and seasonings 0.15 FE, FA
Plant protein products 0.15 FE, FA
Vitamins or mineral dietary 
supplements

0.5 FE, FA

FE flavor enhancer, FA flavoring agent, SA surface-active agent
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Table 5.8 Main activities of glycyrrhizin and the action mechanisms

Properties
Industrial 
use Product References

Antioxidant capacity Food Preserved the quality of 
Japanese sea bass fillets

[142]

Antioxidant activity Food Precooked pork patties [143]
Antimicrobial activity Food Meat products (fresh 

pork and ham products)
[144]

Antibacterial effects Food Milk and labneh [145]
Sensorial and rheological properties Food Probiotic product 

(ROSALACT®)
[146]

Bioavailability Food Nano-emulsions 
containing Glycyrrhizin

[147]

Low-sugar flavored drinks Food Milk products [148]
Anti-inflammatory and anti-ulcer Medical Na [149]
Preventing and treating dental caries, 
periodontitis, gingivitis, candidiasis, 
recurrent aphthous ulcer, and oral cancer.

Medical Na [150]

Probiotic and prebiotic activities Medical Na [151]

Na Not applicable

5.2.6  Thaumatin

Thaumatin is it a mixture of sweet proteins (thaumatin I and II) extracted from the 
arils of the fruit of Thaumatococcus daniellii (Benth) a West African rainforest 
shrub. It has a high intense sweetener about 2000 times sweeter than sugar, a potent 
flavor/aroma enhancer, and has the ability to mask unwanted aftertaste from numer-
ous substances, including artificial sweeteners. It was first documented in 1855 by 
scientist W.F.  Daniell, who described it as a powerful sweetener and flavor and 
aroma enhancer in local foods and beverages [9, 153, 154].

While there are others sweet proteins which have been identified and isolated 
from tropical plants such as brazzein [155], pentadin [156], curculin [157], and 
monellin [158], thaumatin has been most studied [159], however, a large-scale pro-
duction, cost, quality, and acknowledged applications are currently some limitations 
to commercialize this sweet protein [160, 161].

Thaumatin is composed of a sequence of 207 amino acids, and it is digested by 
the human body and animals following the normal metabolism of other natural pro-
teins, for that reason thaumatin is considered GRAS by the U.S FDA and by the 
European Union under the code E957. Its properties include, odorless, flavor 
enhancer, flavor masker (bitter or unpleasant taste), stable at 120 °C and both acid 
and alkaline pH environments (from 2.0 to 10 at room temperature), water soluble, 
slow onset sweetness but sweet aftertaste, and 4 kcal. g−1 [159].

In spite its high-intensity sweetness and flavor enhancer and masking effect, not 
several data were found in the literature on the use of thaumatin in food applica-
tions. Until now the applications found of thaumatin added were to Skyr yogurt with 
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mango pulp by Pereira et al. [162] which observed the sweetener had better accep-
tance on the sensory profile above stevia from consumers panelists results, also 
stevia/thaumatin blend (ratio 1:1). Thaumatin did not affect the texture and synere-
sis of natural skyr yogurt when compared to sucrose formulation of yogurt. Firsov 
et al. [163] used thaumatin in salted, pickled tomatoes stored through 6 months, and 
processed tomatoes. Thaumatin showed high stability during salting, acidic (at a 
pH = 3.1) and storage. Its amount was similar to the content added to fresh tomatoes 
before processing. Therefore, both salt and acid environments do not influence on 
thaumatin sweetener properties. Although both salted and pickled tomatoes had a 
common thaumatin after taste, the overall likeness of pickled tomatoes was scored 
by panelists as better compared to fresh and salted tomatoes after 6 months of stor-
age, which means thaumatin was a flavor enhancer in acid conditions.

A reducing sugar concentration from 17% of sucrose in strawberry petit Suisse 
cheese was achieved using a combination of thaumatin/sucralose (at ratio 2:1) at 
0.018% with a potency 157.40 reaching the same sweetness sensation as sucrose 
evaluated by Sousa et al. [164] reducing calories. Authors evaluated four formula-
tions as sucralose, sucralose/acesulfame-K (4:1), thaumatin/sucralose (2:1) and 
cyclamate/saccharin (1:1). Even results showed cyclamate/saccharin (at ratio 1:1) 
were the sweeteners with the highest concentration 0.349%, thaumatin and sucra-
lose (at ratio 2:1) might reach the same sweetness sensation.

5.3  Conclusions

Food applications of sweeteners require reformulation in manufacturing and food 
production to address crucial and technical challenges.

Despite sugar reduction or total replacement, its impact is not only on sweetness 
but also overall texture, color, taste, and flavor of products; however, several sweet-
eners can also act as a bulking and stabilizer agent and have culinary properties that 
can affect positively baked goods, candies, glazes, dairy products, and others.

Characteristics such as after taste are mainly associated with the natural plants 
extracted sweeteners such as steviol glycosides, glycyrrhizin, and thaumatin; how-
ever, the advantage to providing zero calories and zero glycemic indexes without 
impact on the human body is desirable for low caloric food applications. Sugar 
alcohols and rare sugars are low caloric with potential uses; however, their doses 
should be regulated. Water solubility is a concern that affects specially baked prod-
ucts to choose the sweetener, however blends or mixtures of them improve product 
characteristics with better sensorial acceptance. Nevertheless, sugar alcohols pro-
vide a cooling effect to products specially mixed with other flavors.

In general, the introduction of food additives such as sweeteners to the market 
has provided new opportunities to study the chemical interactions of different ingre-
dients and their impact on human health. More studies need to be done to reach 
other food products.
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