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2. CARBOHYDRATES 
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INTRODUCTION 
 

The most widely distributed and abundant organic compounds on earth.  
→ Quantitatively the most important source of energy. 
(Nutritional energy value: 17 kJ/g.) 
 
Other important functions in food: 
 

- Non-digestible carbohydrates – act as bulk material: are of importance in a 
balanced daily nutrition,  
- sweetening  
- gel or paste-forming and thickening agents  
- stabilizers 
- precursors for aroma and colouring substances. 
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MONOSACCHARIDES 
Structure and Nomenclature 
 

- Polyhydroxy-aldehydes (aldoses) 
Derived from glyceraldehyde by inserting CHOH units into the carbon 
chains. 
Triose (glyceraldehyde), tetroses, pentoses, hexoses… 
 

- Polyhydroxy-ketones (ketoses) 
Derived from dihydroxyacetone.  
Triulose (dihydroxyacetone), tetruloses, pentuloses, hexuloses… 
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Configuration 
 

Glyceraldehyde has one chiral centre → exists as an enantiomer pair, 
i. e. in D and L-forms.  
   CHO 

         OH 

   CH2OH 
 The secondary hydroxyl group is on the right in D-glyceraldehyde 
and on the left in L-glyceraldehyde. 
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D-Aldoses 
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Aldoses (starting from tetroses) and ketoses (starting from 2-pentuloses) 
undergo intramolecular cyclization with hemiacetal formation to form 
lactols. 

Monosaccharides are crystallized in these cyclic forms and, even in 
solution, there is an equilibrium between the open chain carbonyl form and 
cyclic hemiacetals, with the latter predominating.  
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D-Ketoses 
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Conformation 
 

For a pyranose: chair conformation is preferred to twisted-boat 
conformation, since the former has the highest thermodynamic stability. 
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Physical Properties 
Hygroscopicity and Solubility 
 

The moisture uptake of sugars in crystallized form depends on: 
- sugar structure  
- isomers present 
- sugar purity.  
The solubility of mono- and oligosaccharides in water is good.  
Anomers may differ substantially in their solubility:  
(E.g. α- and β-lactose: 70 and 94.7 g/100 g water at 100 ºC.)  
 

Solubility decreases as the sugars cake together (e. g. in sugar powders or 
granulates). 
 

The retention of food moisture by concentrated sugar solutions, e. g., 
glucose syrup, is utilized in the baking industry. 
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Sensory Properties 
 

Mono- and oligosaccharides, sugar alcohols, with a few exceptions, 
are sweet.  
- β-D-Mannose: sweet-bitter taste. 
- Some oligosaccharides are bitter, e. g. gentiobiose. 
 
The most important sweeteners:  
- saccharose (sucrose),  
- starch syrup (a mixture of glucose, maltose and malto-oligosaccharides), 
- glucose. 
 
Invert sugar, fructose-containing glucose syrups (high fructose corn syrup), 
fructose, lactose and sugar alcohols, such as sorbitol, mannitol, xylitol… 
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The sugars differ in quality of sweetness and taste intensity. 
 
- Saccharose is distinguished from other sugars by its pleasant taste even at 
high concentrations.  
 

- The taste intensity of oligosaccharides drops regularly as the chain length 
increases. 
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Measurement of the taste intensity: 
 

1. Determination of recognition threshold of the sugar  
(the lowest concentration at which sweetness is still perceived).  
 

2. Comparison with a reference substance (isosweet concentrations).  
 

Threshold value is related to the affinity of sweet-taste chemoreceptors for 
the sweet substance. It is of importance in elucidation of relationships 
between the chemical structure of a compound and its taste.  
 

The use of a reference substance is of greater importance for practical 
purpose: taste intensity is dependent on concentration and varies greatly 
among sweet compounds. 
 

Saccharose is the reference substance usually chosen.  
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Sugar/ sugar 
alcohol  

Relative 
sweetness  

Sugar/ sugar 
alcohol 

Relative 
sweetness  

 

Saccharose 100  D-Mannitol   69 

Galactitol   41 D-Mannose   59 

D-Fructose 114 Raffinose   22 

D-Galactose   63 D-Rhamnose   33 

D-Glucose   69 D-Sorbitol   51 

Invert sugar   95 Xylitol 102 

Lactose   39 D-Xylose   67 

Maltose   46 

Relative sweetness of sugars and sugar alcohols to sucrose  
(in 10% aqueous solution) 
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Taste quality and intensity are dependent on: 
- The structure of the compound. 
- Other taste reception parameters: 

- temperature,  
- pH,  
- the presence of additional sweet or non-sweet compounds. 

 

D-fructose: the temperature dependence of the taste intensity is especially 
pronounced. 
It is based on the varying intensity of sweetness of the different isomers: β-
D-fructopyranose is the sweetest isomer, and its concentration decreases as 
the temperature increases. 
 

The overall conclusion is that the composition and concentration of a 
sweetening agent has to be adjusted for each food formulation to provide 
optimum sensory perception. 
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Temperature dependence of the relative 
sweetness of some sugars  

(Shallenberger and Birch, 1975) 

Temperature dependence of the 
mutarotation equilibrium of D-fructose 

 (Shallenberger and Birch, 1975) 

         β-D-fructo-pyranose  
– – – β-D-fructofuranose 
–·–·– α-D-fructofuranose 

           D-fructose  
– – –   D-glucose  
–·–·–   D-galactose  
–··–··– maltose 
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Chemical Reactions and Derivatives  
 

Reduction to Sugar Alcohols 
 

Monosaccharides can be reduced to the corresponding alcohols:  

Two new alcohols are obtained from 
ketoses (e. g., fructose) 
since a new chiral centre is formed. 
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Sugar alcohols important in food processing: 
 

Xylitol (pentitol),  D-glucitol or sorbitol; D-mannitol (hexitols):  
- Sugar substitutes in dietetic food formulations to decrease water activity in 
“intermediate moisture foods”, 
- softeners, 
- crystallization inhibitors, 
- improves the rehydration characteristics of dehydrated food.  
 

Sorbitol: found in nature in many fruits, e. g., pears, apples and  plums.  
 

Palatinitol (a mixture of glucopyranosyl glucitol and glucopyranosyl 
mannitol): produced using biotechnological methods by the rearrangement 
of sucrose (1 → 2 to 1→ 6), followed by reduction.  
 

Maltitol: the reduction product of the disaccharide maltose, is being 
considered for wider use in food formulations. 
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Under mild conditions: 
Aldoses → aldonic acids  
(Oxidation involves the lactol group 
exclusively.)  

Oxidation to Aldonic Acid 

The oxidation product is the δ-lactone which is in 
equilibrium with the γ-lactone and the free form of 
aldonic acid. The latter form prevails at pH > 3. 

Glucono-δ-lactone: in food when a slow 
acid release is required (e.g. in baking 
powders, raw fermented sausages or dairy 
products). 
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Treatment of aldose with more 
vigorous oxidizing agents:  
aldose → aldaric acid 

dicarboxylic acid 
C-1 aldehyde group 
CH2OH-group  
 
Galactose →  galactaric acid (mucic acid)  

oxidation 

Oxidation to Dicarboxylic Acids 
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Oxidation of the CH2OH-group  
by retaining the carbonyl function 
at C-1:  
aldose → uronic acid 
(aldehydocarboxylic acid) 

Uronic acid polimers that are important in food processing: 
- Pectin (D-galacturonic acid). 
- Sea weed-derived alginic acid (D-mannuronic acid, L-guluronic acid). 
gel-forming and thickening agents.  

Oxidation to Uronic Acids 
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Reactions in the Presence of Acids and Alkalis 
 

Monosaccharides are relatively stable in the pH range 3–7.  
(In the absence of amine components!!!) 
  
In an acidic medium: 
Enolizations and subsequent elimination of water with retention of the C-
chain predominate.  
E. g., during pasteurization of fruit juices, baking of rye bread. 
 
In a basic medium:  
Enolizations with subsequent fragmentation (retro-aldol reactions) 
and secondary reactions of the fragments (aldol additions) predominate. 
E.g. the isolation of sucrose from sugar beet, production of alkali-baked 
goods. 
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Reactions in Acidic Media 
 

Dehydrating Reactions  
 

The heating of monosaccharides under acidic conditions  
→ large number of furan and pyran compounds: 

The formation of these compounds can be 
explained by enolizations and dehydrating 
reactions of the carbohydrates.  

The aldehyde group of the aldose 
is formally retained at C-1. 
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Enolization to intermediates called enediols in acidic media: 
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The formation of 5-hydroxymethyl furfural (HMF) from 1,2-enediol: 

1,2-diulose dihydrofuran HMF 

Water elimination at C-3 and subsequently at C-4 leads to a 1,2-diulose  
which after cyclization to a hemiacetal releases another molecule of water, 
producing HMF. 

HMF is used as an indicator for the heating of carbohydrate containing 
food, e. g., honey.  
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Glucose, mannose and 
fructose are in 
equilibrium through the 
1,2-enediol: 

Reactions in Alkaline Solution 
 
Enolization reactions proceed much faster under alkaline conditions than 
occur under acidic conditions. 
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Isomerization reaction of sugars 
 

Transformation of an aldose to a ketose: 

Lactose (4-O-β-D-galacto-
pyranosido-D-glucopyranose) 

Lactulose (4-O-β-D-galacto-
pyranosido-D-fructose) 

In lactulose fructose is present mainly as the pyranose and, to a small 
extent, as the furanose. 
Lactulose utilization in infant nutrition is under consideration since it acts 
as a bifidus factor and prevents obstipation. 
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Oxidation of the enediol → carboxylic acids.  
 

Depending on the type of alkali present → further hydroxyacids are also 
formed due to enolization occurring along the molecule.  
 

Degradation of the carbohydrate skeleton: base-catalyzed degradation 
reactions. Hydroxyaldehydes and hydroxyketones are formed by chain 
cleavage due to retroaldol reaction under nonoxidative conditions. 

2-oxopropanal  
(methylglyoxal) 

E. g. fructose can yield 
glyceraldehyde and 
dihydroxyacetone: 
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Volatile reaction products obtained from fructose by an alkali degradation 
(pH 8–10; 3 hours) 
 
–Acetic acid 
–Hydroxyacetone 
–1-Hydroxy-2-butanone 
–3-Hydroxy-2-butanone 
–4-Hydroxy-2-butanone 
–Furfuryl alcohol 
–5-Methyl-2-furfuryl alcohol 
–2,5-Dimethyl-4-hydroxy-3-(2H)-furanone 
–2-Hydroxy-3-methyl-2-cyclopenten-1-one 
–3,4-Dimethyl-2-hydroxy-2-cyclopenten-1-one 
–3,5-Dimethyl-2-hydroxy-2-cyclopenten-1-one 
–3-Ethyl-2-hydroxy-2-cyclopenten-1-one 
–γ-Butyrolactone 

Caramel-like  
aroma substances 
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Caramelization 
 

Melting sugar or by heating sugar syrup in the presence of acidic and/or 
alkaline catalysts → brown-coloured products with a typical caramel aroma. 
 

The process can be directed more towards aroma formation or more towards 
brown pigment accumulation.  
 

1. Heating of saccharose syrup in a buffered solution → molecular 
fragmentation → formation of aroma substances.  
(Dihydrofuranones, cyclopentenolones, cyclohexenolones and pyrones). 
 

2. Heating glucose syrup with sulfuric acid in the presence of ammonia → 
intensively coloured polymers (“sucre couleur”).  
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Reactions with amino compounds 
(Maillard reaction,  nonenzymatic browning)  
 

In food: 
Reducing sugars + amino acids, peptides, proteins, or amines → 
→ formation of N-glycosides → numerous consecutive reactions. 
 

They are obtained more readily: 
- at a higher temperature,  
- low water activity, 
- on longer storage. 
 

 



31 

Maillard reaction,  nonenzymatic browning  
 
 

Sugar side reactants: mainly glucose, fructose, maltose, lactose 
to a smaller extent, reducing pentoses, e. g., ribose.  
 

Amino component reactants: amino acids with a primary amino group are 
more important than those with a secondary.  
 

In the case of proteins:  the ε-amino groups of lysine react predominantly. 
(Secondary products from reactions with the guanidino group of arginine:  
imidazolin-ones and pyrimidines). 
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These reactions result in: 
- Brown pigments (melanoidins) 

- Variable amounts of nitrogen.  
- Varying molecular weights and solubilities in water.  

Browning is desired in baking and roasting, but not in foods which have 
other colour of their own (condensed milk, white dried soups, tomato soup). 
 
- Volatile compounds: potent aroma substances.  
The formation of the desired aroma (cooking, baking, roasting or frying).  
The generation of off-flavours in food:  
During storage (especially in the dehydrated state),  
On heat treatment (pasteurization, sterilization) and roasting. 
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- Flavouring matter (especially bitter substances)  
- Partially desired (coffee)  
- Can cause an off-taste, e. g., in grilled meat or fish (roasting bitter 
substances). 

 
- Reductones: compounds with highly reductive properties   
They can contribute to the stabilization of food against oxidative 
deterioration. 
 

- Losses of essential amino acids (lysine, arginine, cysteine, methionine). 
 

- Compounds with potential mutagenic properties. 
 

- Compounds that can cause cross-linkage of proteins. Reactions of this 
type apparently also play a role in vivo (diabetes). 
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Initial phase of the Maillard reaction I. 

Amino acids or amines (nucleophilic 
compounds) easily add to the carbonyl 
function of reducing carbohydrates 
with the formation of imines (Schiff 
bases).  

The imines can rearrange via the 1,2-
eneaminols corresponding to the 1,2-
enediol. This rearrangement leads to 
an aminoketose. 
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Initial phase of the Maillard reaction II. 

If fructose reacts in a corresponding way with an amine or an amino acid, an 
aminoaldose (2-amino-2-deoxyaldose) is formed. 

Fructose 
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Formation of deoxyosones  
(1-, 3-, and 4-deoxydicarbonyl compounds) 

Water elimination and hydrolysis of the imine cation gives 3-deoxy-1,2-diulose 
(also called 3-deoxyosone). 



37 

Secondary products of 3-deoxyosones 

pentoses → furfural hexoses → 5-hydroxymethylfurfural  
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3-deoxyosone (furanoid structure) 

3,4-dideoxyosone is obtained after ring opening, enolization, and water 
elimination.  
 

Water elimination from the hemiacetal form of 3,4-dideoxyosone directly yields 
HMF. 
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In the presence of higher concentrations of ammonia, primary amines or 
amino acids, 3-deoxyosone preferentially gives rise to 2-formyl-5-hydroxy-
methylpyrrole or the corresponding N-alkylated derivatives rather than to 
HMF. 

If pyrrole formation occurs with an amino acid, this product can react 
further to yield a bicyclic lactone: 
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β-pyranone is the most important intermediate. It can be formed from the 
pyranose hemiacetal form of 3-deoxyosone. 

Maltoxazine: in malt and beer.  
It could be formed from 3,4-dideoxyosone (Strecker reaction with the 
secondary amino acid proline). 
The formation of such carbocyclic compounds is favoured in the presence 
of secondary amino acids like proline. 
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Secondary products of 1-deoxyosones 

 

Since 1-deoxyosones formally occur by reduction at C-1 of the carbohydrate,  
all these compounds contain a methyl or acetyl group at position 2 of the furan or 
pyran derivatives.  

furaneol acetylformoin 

3-deoxyosones have been studied for a long time. 
1-deoxyosones were detected only a few years ago.  
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Reductones 
 

1. Weakly acidic: 

Acetylformoin: belongs to the group of reductones  
(in the open-chain structures).  

Furaneol: intensive caramel-like odor (relatively low odor 
threshold value).  
Biosynthesized in plants, e. g., in strawberries and pineapples. 

Present as mono-anions 
at pH values <6.  

The di-anion occurring under alkaline conditions is easily oxidized in the presence 
of O2. 

furaneol 

acetylformoin 
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2. Reductive: 

3. Exhibit antioxidative properties: 

Formation of resonance 
stabilized radicals. 

Disproportionation of two 
radicals with reformation of the 
reductone structure 

Ag+ ; Au3+ ; Pt4+  
→to the metals 
  
Cu2+ →  Cu+,  
Fe3+ →  Fe2+. 
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Redox reactions 
 

In the course of the Maillard reaction, deoxyosones and reductones, e. g., 
acetylformoin are formed. They can react to give enol and triketo 
compounds via an addition with disproportionation: 

Importance: 
- Formation of the aroma substances 2-acetyl-1-pyrroline and 2-acetyl-
tetrahydropyridine. 
- Play a part in the formation of carboxymethyllysine. 

Reductone 
 structure 

Dicarbonyl 
structure 
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Strecker reaction 

The reactions between α-dicarbonyl compounds 
(like the deoxyosones) obtained in the Maillard 
reaction, and amino acids.  
 

This reaction leads to the formation of aldehydes 
(Strecker aldehydes), CO2 and α-aminoketones 
on oxidative decarboxylation of the α-amino 
acids. 
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Strecker reaction occurs in foods: 
- At higher concentrations of free amino acids. 
- Under more drastic reaction conditions, e. g., at higher temperatures or 
under pressure. 
 

The aldehydes, which have one C-atom less than the amino acids, possess a 
considerable aroma potential, depending on the amino acid degraded. 
 

Strecker aldehydes which are important for their aroma: methional, 
phenylacetaldehyde, 3- and 2-methylbutanal and methylpropanal. 
 

Other compounds influencing the aroma of food: H2S, NH3,  
1-pyrroline and cysteamine.  
 

All the α-dicarbonyl compounds obtained on carbohydrate degradation as 
well as the reductones can undergo Strecker reactions. The product 
spectrum is significantly increased due to the redox reactions of the 
resulting intermediates. 
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Formation of Coloured Compounds 
 

Maillard reaction is also called nonenzymatic browning. 
Heating of reducing carbohydrates with amine components  
→ brown colour products, melanoidins (bread crust, meat). 
 

Clinical biochemical studies: these browning products partly exhibit 
antimutagenic and anticarcinogenic properties. 
 

The reaction is very complex → it has only rarely been possible to 
identify coloured compounds till now. 
 

In general: condensation reactions between  nucleophilic/electrophilic 
intermediates of the Maillard reaction result in the formation of the 
coloured components. 
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Condensation reactions of 3-deoxyosone with furfural and of acetylformoin 
with furfural in model reactions led to the formation of the yellow 
products: 

A red coloured pyrroline dye could be 
identified in a model reaction of furfural and 
alanine. This dye is formed from 4 molecules 
of furfural and 1 molecule of alanine: 
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Protein Modifications 
 
The side chains of proteins can undergo posttranslational modification in 
the course of thermal processes. The reaction can also result in the 
formation of protein cross-links.  
 
In the absence of carbohydrates: formation of dehydroalanine from serine, 
cysteine or serine phosphate by the elimination of H2O, H2S or phosphate.  
The dehydroalanine can then lead to protein cross-links with the 
nucleophilic side chains of lysine or cysteine.  
 
In the presence of carbohydrates or their degradation products: especially 
the side chains of lysine and arginine are subject to modification, which is 
accompanied by a reduction in the nutritional value of the proteins.  
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The structures of important lysine modifications 

The best known compounds are:  Nε-fructoselysine (Amadori product), furosine. 
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Furosine can be formed from Nε-fructoselysine via the intermediate 4-
deoxyosone: 

Heat treatment, e. g., in the case of heat treated milk products: all the 
intermediates which lead to furosine are degraded and an unknown portion 
of already existing furosine is destroyed. 
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Product Furosine (mg/kg protein) 

Raw milk 35–55 

Milk (pasteurized) 48–75 

Milk (ultrahigh heated) 500–1800 

Sterile milk 5000–12,000 

Milk powder 1800–12,000 

Baby food (powder) 9300–18,900 

Noodles 400–8500 

Bakery products 200–6000 

Concentration of furosine in heated milk products 
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Pyridosine is also formed by the degradation of Nε-fructoselysine, but in 
lower amounts than furosine (ratio ca. 3:1).  
1-deoxyosone is the assumed precursor. 

Carboxymethyllysine is also formed from Nε-fructoselysine and is also used 
as an indicator of the degree of thermal treatment of protein containing 
foods.  
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Pyrraline is also formed as a modification of lysine in proteins. The reaction 
partner is 3,4- dideoxyosone obtained from 4-deoxyosone. 

Pyrraline is found in high concentrations especially in foods that have been 
subjected to strong thermal treatment, e. g., biscuits and pastries. 
The concentrations in milk are clearly less than those of furosine. 
The cross-linkage of proteins is also possible via the pyrrole residues of 2 
molecules of pyrraline. 
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Arginine can also be modified at the guanidino group e.g. by reaction with 
α-dicarbonyl compounds from carbohydrate degradation.  

Foods OIZ Arginine loss 
(mg/kg protein) (%) 

Alkali-baked products 9000–13000 20–30 

Pretzel crust 25000–28000 60–70 

Coffee beans 
(roasted) 

7000–9000 20–25 

Nibbling biscuits 6000–20000 15–40 

Concentrations of ornithino-imidazolinone (OIZ) in foods 

Especially in alkali-baked products, about 60–70% of the arginine present in 
the flour reacts to imidazolinone. 
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Inhibition of the Maillard reaction in cases where it is undesirable: 
 
1. Lowering of the pH value. 
 
2. Maintenance of lowest possible temperatures. 
 
3. Avoidance of critical water contents during processing and storage.  
 
4. Use of nonreducing sugars. 
 
5. Addition of sulfite.  
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Increase of Amadori compounds in two stage air drying of carrots as 
influenced by carrot moisture content (Eichner and Wolf, 1983) 

.— 110 °C  
−−−60 °C  
Sensory assessment:  
1) detection threshold  
2) quality limit 
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Reactions with Hydroxy Compounds (O-Glycosides) 

The lactol group of monosaccharides heated in alcohol in the presence of an 
acid catalyst is substituted by an alkoxy or aryloxy group, denoted as an 
aglycone (Fischer synthesis), to produce alkyl- and arylglycosides.  

The initial reaction involves 
the open form. 

With the majority of sugars, 
the furanosides are formed in 
the first stage of reaction. 
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O-Glycosides are the constituents of many foods: glycolipids, 
glycoproteins, flavanoid glycosides or saponins. 
 
Esters 
 

Sugar esters are widely distributed in nature. 
 

- Phosphoric acid esters: intermediary products of metabolism, nucleic 
acids, coenzymes.  
 

- Sulfuric acid esters are constituents of mucopolysaccharydes. 
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Sugar esters or sugar alcohol esters with long chain fatty acids (lauric, 
palmitic, stearic and oleic):  
- Produced industrially.  
- Very important surface-active agents. 
E. g. sorbitan fatty acid esters and those of saccharose (used in food 
processing). 

vacciniin  
(6-benzoyl-D-glucose)  

in blueberry 

corilagin  
(1,3,6-trigalloyl-D-glucose) 

tannintype compound  

 

- Organic acid esters: 
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OLIGOSACCHARIDES 
 

Monosaccharides form glycosides. 
 

Compounds with up to about 10 monosaccharide residues. 
 
Reducing disaccharide: one lactol group and one alcoholic HO group 
are involved. 
Nonreducing disaccharide: a glycosidic linkage is established only between 
the lactol groups of two monosaccharides. 
→ Do not have a free lactol group and so lack reducing properties, 
mutarotation and the ability to react with alcohols and amines. 
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Properties and Reactions 
 

- Oligosaccharides are readily hydrolyzed by acids 
- They are relatively stable against alkalies.  
 

Saccharose hydrolysis  (inversion) 
→ equimolar mixture of glucose and fructose (invert sugar) 
 

Change of specific rotation during hydrolysis.  

In saccharose the rotation is positive, while it is negative in the hydrolysate, since 
D-glucose rotation to the right (hence its name dextrose) is surpassed by the value 
of the left-rotating fructose (levulose). 
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Maltodextrins are made by the degradation of starch with α-amylase. The 
main product, β-cyclodextrin, consists of seven glucose units and is a non-
hygroscopic, slightly sweet compound: 

The surfaces made of pyranose rings are hydrophobic.  
The water of hydration is very easily displaced from this hydrophobic cavity by 
sterically suitable apolar compounds, which are masked in this way. 
In food processing, β-cyclodextrin is therefore a suitable agent for stabilizing 
lipophilic vitamins and aroma substances and for neutralizing the taste of bitter 
substances. 
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POLYSACCHARIDES (GLYCANS) 
 

Consist of monosaccharides bound to each other by glycosidic 
linkages. 
 

Homoglycans: consist of one type of sugar structural unit. 
Heteroglycans: several types of sugar units. 
 

The monosaccharides may be joined: 
- in a linear pattern (as in cellulose and amylose). 
- in a branched fashion (amylopectin, glycogen, guaran).  
The frequency of branching sites and the length of side chains can vary 
greatly (glycogen, guaran).  
 

The monosaccharide residue sequence: 
1. Periodic, one period containing:  
- one (cellulose, amylose ) 
- several alternating structural units (hyaluronic acid) 
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2. Shorter or longer segments with periodically arranged residues separated 
by nonperiodic segments (alginate, carrageenans, pectin).  
 

3. Nonperiodic sequence all along the chain (carbohydrate components in 
glycoproteins). 
 
Conformation 
 

Extended or Stretched, Ribbon-Type Conformation 
 

Typical for 1,4-linked β-D glucopyranosyl residues  
(e. g., in cellulose fibres). 

The conformation is due to a 
zigzag geometry of monomer 
linkages involving oxygen 
bridging. 
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Hollow Helix-Type Conformation 
 

Typical for 1,3-linked β-D glucopyranose units  
(lichenin, found in moss-like plants (lichens)). 
 

- Amylose (1,4-linked α-D glucopyranosyl residues) also has such a 
geometry, and hence a helical conformation: 

The conformation is 
imposed by a U-form 
geometry of the monomer 
linkages.  

The chain may be somewhat shortened or compressed to enable 
formation of H-bonds between neighboring residues and thus contribute 
to conformational stabilization. 
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General Remarks 
 

Polysaccharides fulfilling roles as: 
 

- Structure-forming skeletal substances (cellulose, hemicellulose and pectin 
in plants; chitin, mucopolysaccharides in animals). 
 

- Assimilative reserve substances (starch, dextrins, inulin in plants; 
glycogen in animals). 
 

- Water-binding substances (agar, pectin and alginate in plants; 
mucopolysaccharides in animals). 
 

Polysaccharides occur in many food products and even then they often 
retain their natural role as  
 

- skeletal substances (fruits and vegetables)  
 

- assimilative nutritive substances (cereals, potatoes, legumes).  
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Isolated polysaccharides 
 

Utilized to a great extent in food processing, either in native or modified 
form. 
 

- Thickening agents  
- Gel-setting agents (starch, alginate, pectin, guaran gum) 
- Stabilizers for emulsions and dispersions 
- Film-forming 
- Coating substances to protect sensitive food from undesired change 
- Inert fillers –  to increase the proportion of indigestible ballast 
substances in a diet. 
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Highly variable properties (e. g.):  
Insoluble (cellulose) ↔ good swelling power and solubility in 
hot and cold water (starch, guaran gum).  
 
The viscosities of the solutions:  
- Low, even at very high concentrations (gum arabic)  
- Exceptionally high even at low concentrations (guaran gum).  
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Perfectly Linear Polysaccharides 
 

Compounds with a single neutral monosaccharide structural unit and with 
one type of linkage (as occurs in cellulose or amylose). 
 

- Usually insoluble in water and can be solubilized only under drastic 
conditions, e. g. at high temperature, or by cleaving H-bonds with alkalies 
or other suitable reagents.  
- Readily precipitate from solution (example: starch retrogradation). 
 

The reason for these properties: 
the existence of an optimum structural prerequisite for the formation of an 
orderly conformation within the chain and also for chain–chain interaction. 
 

Large differences in properties are found within these groups (cellulose or 
amylose). 
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Branched Polysaccharides 
 

E. g. amylopectin, glycogen. 
 

- More soluble in water than their perfectly linear counterparts since the 
chain–chain interaction is less pronounced and there is a greater 
extent of solvation of the molecules.  
 

- Solutions of branched polysaccharides,  
once dried, are readily rehydrated.  
 

- Solutions have a lower viscosity.  

The viscosity reflects the “effective volume” 
of the macromolecule. The “effective volume” 
is the volume of a sphere with diameter 
determined by the longest linear extension of 
the molecule. These volumes are generally 
larger for linear than for branched molecules.  
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- The tendency to precipitate is low.  
- They form a sticky paste at higher concentrations (due to side chain–side 
chain interactions) 
→ suitable as binders or adhesives. 
 
Linearly Branched Polysaccharides 
 

Polymers with a long “backbone” chain and with many short side chains 
(e.g. guaran or alkyl cellulose). 
Properties are a combination of those of perfectly linear and of branched 
molecules.  
 

Long “backbone” chain → high solution viscosity.  
 

The presence of numerous short side chains greatly weakens interactions 
between the molecules: 
→ good solubility and rehydration rates of the molecules. 
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Polysaccharides with Carboxyl Groups 
 

E. g. pectin, alginate, carboxymethyl cellulose. 
 

Very soluble as alkali salts in the neutral or alkaline pH range. 
 

The molecules are 
- negatively charged due to carboxylate anions. 
- relatively stretched and resist intermolecular associations. 
 

The solution viscosity is high and is pH-dependent.  
 

- At pH ≤ 3: 
- Gel setting or precipitation occurs since electrostatic 
repulsion ceases to exist.  
- Undissociated carboxyl groups dimerize through H-bridges.  

 

- In a neutral solution: 
A divalent cation is needed to achieve gel setting. 
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Polysaccharides with Strongly Acidic Groups 
 

The strongly acidic residues present as esters along the polymer chains 
(sulfuric, phosphoric acids, as in furcellaran, carrageenan or modified 
starch). 
 

Very soluble in water and form highly viscous solutions. 
 

In strongly acidic media distinctly stable solutions (unlike polysaccharides 
with carboxyl groups). 
 
Modified Polysaccharides 
 

Even to a low substitution degree → substantial changes in their properties. 
1. Derivatization with neutral substituents 
Binding neutral substituents to linear polysaccharide chains  
→ the solubility in water, viscosity and stability of solutions are all 
increased. 
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Methyl, ethyl and hydroxypropyl cellulose correspond to those of guaran 
and locust bean gum.  
 

Interference of the alkyl substituents in chain interactions 
→ facilitates the hydration of the molecule.  
 

An increased degree of substitution increases the hydrophobicity of the 
molecules and, thereby, increases their solubility in organic solvents. 
 

2. Derivatization with acidic substituents 
 

Binding acid groups to a polysaccharide (carboxymethyl, sulfate or 
phosphate groups) 
→ increased solubility and viscosity. 
 

Some derivatized polysaccharides, when moistened, have a pasty 
consistence. 
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Individual Polysaccharides 
Agar 
 

Isolated from seaweed (red algae class, Rhodophyceae), e. g., Gelidium spp., 
Pterocladia spp. and Gracilaria spp., by a hot water extraction process.  
 

Structure, Properties 
Heterogenous complex mixture of related polysaccharides having the same 
backbone chain structure.  
The main components: β-D-galactopyranose and 3,6-anhydro-α-L-galacto-
pyranose, which alternate through 1→4 and 1→3 linkages: 

The chains are esterified to a 
low extent with sulfuric acid. 
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Agar is insoluble in cold water. Gel setting occurs upon cooling. Agar is a 
most potent gelling agent (gelation is perceptible even at 0.04%). 
Gel setting and stability are affected by agar concentration and its average 
molecular weight.  
A 1.5% solution sets to a gel at 32–39 °C, but does not melt below 60–97 
°C. 
The great difference between gelling and melting temperatures, due to 
hysteresis, is a distinct and unique feature of agar. 
 

Utilization 
Its application in the food industry is based on its main properties: 
it is essentially indigestible, forms heat resistant gels, and has emulsifying 
and stabilizing activity. 
 

Agar is added to sherbets (frozen desserts of fruit juice, sugar, water or 
milk) and ice creams (at about 0.1%). 
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Agar: 
- 0.1–1% stabilizes yoghurt, some cheeses and candy and bakery products 
(pastry fillings).  
- Retards bread staling. 
- Provides the desired gel texture in poultry and meat canning.  
- Has a role in  

- vegetarian diets (meat substitute products) 
- desserts 
- pretreated instant cereal products. 
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Alginates 
Occur in all brown algae (Phaeophyceae) as a skeletal component of 
their celwalls. Algae are extracted with alkalies. The polysaccharide is 
usuallyprecipitated from the extract by acids or calcium salts. 
 

Structure, Properties 
 

Alginate building blocks are β-D-mannuronic and α-L-guluronic acids, 
joined by 1→4 linkages: 

The ratio of mannuronic/guluronic 
acids is generally 2:3. 
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The viscosity of alginate solutions is influenced by molecular weight and the 
counter ion of the salt.  
- In the absence of di- and trivalent cations or in the presence of a chelating 
agent, the viscosity is low (“long flow” property). 
- With a rise in multivalent cation levels (e. g., calcium) there is a parallel 
rise in viscosity (“short flow”).  
Thus, the viscosity can be adjusted as desired. 
 

Schematic representation of a calcium alginate gel:  
cross-linkage by egg box formation (Franz, 1991). 

Depending on the concentration of 
calcium ions, the gels are either thermo-
reversible (low concentration) or not 
(high concentration). 



81 

Utilization of Alginate  
 

- Powerful thickening, stabilizing and gel-forming agent. 
 

- At a level of 0.25–0.5% it improves and stabilizes the consistency of  
- fillings for baked products (cakes, pies),  
- salad dressings, 
- milk chocolates. 
 

- Prevents formation of larger ice crystals in ice creams during storage. 
 

- Used in a variety of gel products (cold instant puddings, fruit gels, dessert 
gels, onion rings, imitation caviar).  
 

- Applied to stabilize fresh fruit juice and beer foam. 
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Carrageenans 
 

Red sea weeds (Rhodophyceae)  
Carrageenans (D-galactose and 3,6-anhydro-D-galactose which 
are partially sulfated as 2-, 4- and 6-sulfates and 2,6-disulfates.) Galactose 
residues are alternatively linked by 1 → 3 and 1 → 4 linkages. 

The water solubility increasesas as  
- the carrageenan sulfate content increases,  
- the content of anhydrosugar residue decreases. 
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The viscosity of the solution depends on the 
- carrageenan type,  
- molecular weight, 
- temperature, 
- ions present, 
- carrageenan concentration. 
As observed in all linear macromolecules with charges along the chain, the 
viscosity increases exponentially with the concentration. 
 

Gel-setting ability is highly dependent on the radius of the hydrated 
counter ion.  

Utilization of carrageenan  
 

Based on the ability of the polymer 
- to gel, 
- to increase solution viscosity, 
- to stabilize emulsions and various 
dispersions.  
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- 0.03% carrageenan in chocolate milk prevents fat droplet separation and 
stabilizes the suspension of cocoa particles. 
 

- Carrageenans prevent syneresis in fresh cheese. 
 

- Improve dough properties and enable a higher amount of milk powder 
incorporation in baking.  
 

- The gelling property in the presence of K+ salt: in desserts and canned 
meat.  
 

- Protein fibre texture is also improved. 
 

- Protein sedimentation in condensed milk is prevented by carrageenans 
which, like κ-casein, prevent milk protein coagulation by calcium ions. 
 

- Carrageenans are also used to stabilize ice cream and clarify beverages. 
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Furcellaran (Danish agar)  
 

Red sea weed (algae Furcellaria fastigiata).  
D-galactose (46–53%), 3,6-anhydro-D-galactose (30–33%) and 
sulfated portions of both sugars (16–20%). 
 

The structure is similar to carrageenan. 
- Carrageenan: one sulfate ester per two sugar residues, 
- Furcellaran: one sulfate ester residue per three to four sugar residues. 
 

Furcellaran forms thermally reversible aqueous gels. 
The gelling ability is affected by  
- the polysaccharide polymerization degree,  
- amount of 3,6-anhydro-D-galactose,  
- the radius of the cations present.  
 

Addition of sugar affects the gel texture:  
Brittle → more elastic texture. 



86 

Utilization of Furcellaran 
 

- Additive in puddings (with milk, provides good gels). 
 

- Suitable for cake fillings and icings. 
 

- In the presence of sucrose, it gels rapidly and retains good stability, even 
against food grade acids.  
 

Furcellaran has the advantage over pectin in marmalades since it allows 
stable gel setting at a sugar concentration even below 50–60%. Required 
amount of polysaccharide is 0.2–0.5% (depending on the marmalade’s 
sugar content and the desired gel strength.) 
 

- Utilized in processed meat products (such as spreadable meat pastes and 
pastry fillings).  
 

- It facilitates protein precipitation during brewing of beer and thus 
improves the final clarification of the beer. 
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Gum Arabic 
 

Gum arabic is a tree exudate of various Acacia species, primarily Acacia 
Senegal, and is obtained as a result of tree bark injury.  
 

The main structural units are L-arabinose, L-rhamnose, D-galactose 
 and D-glucuronic acid. (The proportion depends on the Acacia species.) 

Major core 
Built of β-D-
galactopyranosyl 
residues linked 
by 1 → 3 bonds. 
 

Side chains  
attached at position 6. 
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Marked emulsifying and film-forming properties: 
caused not only by its structure, but also by the slight admixture (ca. 2%) of 
a protein. (The serine and threonine residues of this protein are thought to 
be covalently bound to the carbohydrate.) 
 

- The interfacial activity of gum arabic is low compared to that of proteins.  
 

- The proportion of gum arabic to oil used in formulations has to be 
approximately 1:1. In contrast, a protein oil ratio of about 1:10 is used in an 
emulsion stabilized by milk proteins. 
 

- Gum arabic is very soluble in water and solutions of up to 50% gum can 
be prepared.  
 

The solution viscosity starts to rise steeply only at high concentrations. 
This property is unlike that of many other polysaccharides, which provide 
highly viscous solutions even at low concentrations. 
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Viscosity curve of an aqueous  
gum arabic solution  

(Whistler, 1973) 

(25.5 ºC) 

Viscosity curves of carrageenan 
aqueous solutions 
(Whistler, 1973) 

A: Eucheuma spinosum,  
C: Chondrus crispus, 
B: A and C in a ratio of 2:1,  
(40 ºC, 20 rpm) 
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Utilization of Gum Arabic 
 

1. Emulsifier and stabilizer, e. g., in baked products.  
 

2. Retards  
- Sugar crystallization and fat separation in confectionery products.  
 

- Large ice crystal formation in ice creams. 
 

- Foam stabilizer in beverages.  
 

- Flavour fixative in the production of encapsulated, powdered aroma 
concentrates.  

E.g. essential oils are emulsified with gum arabic solution and then 
spray-dried. In this process, the polysaccharide forms a film surrounding 
the oil droplet, which then protects the oil against oxidation and other 
changes. 
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Guaran Gum 
 

Connsists of a chain of β-D mannopyranosyl units joined by 1→ 4 linkages.  
Every second residue has a side chain, a D-galactopyranosyl residue that is 
bound to the main chain by an α(1 → 6) linkage. 

- Forms highly viscous solutions.  
Used as a thickening agent and a stabilizer in salad dressings and  
ice creams (application level 0.3%).  
 

In addition to the food industry, it is widely used in paper, cosmetic and 
pharmaceutical industries. 
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Locust Bean Gum 
 

Linear chain of 1 → 4 linked β-D-mannopyranosyl units, with α-D-galacto-
pyranosyl residues 1 → 6 joined as side chains.  
Similarly to guaran gum, but: 
- in guaran gum: every second mannose residue is substituted at the C-6 
position with a galactose 
- in locust bean gum: only every 4th to 5th is substituted  
 

Physical properties: correspond to those of guar gum, except the viscosity of 
the solution is not as high. 
 

Used as a thickener, binder and stabilizer in meat canning, salad dressings, 
sausages, soft cheeses and ice creams.  
 

Improves the water binding capacity of dough, especially when flour of low 
gluten content is used. 
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Tamarind Flour 
 

Tamarind trees (India). D-galactose, D-xylose and D-glucose (L-Arabinose). 

- Forms a stable gel over a wide pH range.  
- Less sugar is needed to achieve a desired gel strength than in 
corresponding pectin gels. 

Utilization of Tamarind Seed Polysaccharide 
- Suitable substitute for pectin in the production of marmalades and jellies.  
- Thickening agent and stabilizer in ice cream and mayonnaise production. 
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Pectin 
 

Widely distributed in plants. Produced commercially from peels of citrus 
fruits and from apple pomace (crushed and pressed residue).  
Structural elements: 
1. Homogalacturonan: (1 → 4) linked α-D-GalA 

2. Galacturonan (apiose, fucose, arabinose, xylose) 
3. Rhamnogalacturonan (disaccharide units from α-D-GalA and α-L-Rha). 
 

The GalA residues are esterified to a variable extent with methanol. 
The HO-groups in 2- and 3-positions may be acetylated to a small extent. 
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Pectin stability is highest at pH 3–4.  
- The glycosidic linkage hydrolyzes in a stronger acidic medium.  
- In an alkaline medium, both linkages, ester and glycosidic, are split to the 
same extent. 
 

At a pH of about 3 (in the presence of Ca2+ ions also at higher pH’s) 
pectin forms a thermally reversible gel.  
 

The gel-forming ability 
- Directly proportional to the molecular weight. 
- Inversely proportional to the esterification degree.  
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For gel formation: 
 

- Low-ester pectins require very low pH values and/or calcium ions, but 
they gelatinize in the presence of a relatively low sugar content. 
 

- High-ester pectins require an increasing amount of sugar with rising 
esterification degree. The gelsetting time for high ester pectins is longer 
than that for pectin products of low esterification degree. 
 
Utilization of pectin 
 

- Widely used in marmalade and jelly production.  
Standard conditions to form a stable gel are, for instance: pectin 
content <1%, sucrose 58–75% and pH 2.8–3.5. 
In low-sugar products, low-ester pectin is used in the presence of Ca2+ ions.  
- Also used to stabilize,    - yoghurts, 
- soured milk beverages,   - ice creams. 
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Starch 
 

Storage carbohydrate - as an ingredient of many foods, it is also the most 
important carbohydrate source in human nutrition.  
Starch and its derivatives are important in the paper and textile industries. 
 

99% of the world production obtained from corn, potatoes, cassava, and 
wheat. 
Starches of various origin have individual, characteristic properties: shape, 
size, size distribution, composition, and crystallinity of the granules.  
 

A mixture of two glucans, amylose (20–30%) and amylopectin.  
Starch granules are of varying size (2–150 μm) size distribution, and shape.  
- Amorphous regions (70% of the mass) contain the main amount of 
amylose. 
- Crystalline regions consist primarily of amylopectin.  
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Model of a crystalline region in a starch granule 
(Galliard, 1987) 

amylopectin double 
helix 

Mixed double helix of 
amylose and amylopectin 

V-helix of amylose 
 and enclosed lipid 

free lipid 
free amylose 
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Gelatinization  
 

Air-dried starch granules suspended in cold water 
→ swell with an increase in diameter of 30–40%.  
Heating of the suspension → irreversible changes occur starting at the 
gelatinization temperature 50–70 ºC (characteristic of each type of starch).  
 

1. The starch crystallites melt and form a polymer network.  
2. This network breaks up at higher temperatures (ca. 100 ºC), resulting in a 
solution of amylose and amylopectin. 
 

- Water first diffuses into the granule. 
- Crystalline regions then melt with the help of hydration.  
- Finally, swelling gives rise to a solution through further diffusion of water. 
- Hydrogen bridges between glucose chains in the crystallites are primarily 
disrupted. 
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Gelatinization temperature of 
differently hydrated starches 

(Galliard, 1987) 

  — potato starch  
−·− wheat starch 
 

The course of gelatinization depends on: 
 
- The botanical origin of the starch.  
- The temperature used. 
- The water content of the suspension. 

Dried starch with 1–3% of water undergoes 
only slight changes up to a temperature of 
180 °C, whereas starch with 60% of water 
completely gelatinizes at temperatures as 
low as 70 °C. 
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Potato starch gelatinization curve  
(Banks and Muir, 1980) 

Gelatinization properties of various 
starches  

(Banks and Muir, 1980) 

—  potato starch 
- - -waxy corn 
−− normal corn 
 ••• amylomaize 

Monitoring gelatinization 

The subsequent disintegration 
of the swollen granule is 
accompanied by a drop in 
viscosity. 

The viscosity initially 
increases due to starch 
granule swelling.  

The number of gelatinized 
starch granules was 
determined by microscopy. 
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Behaviour of amylose molecules during cooling 
of a concentrated aqueous solution: 

Amylose gels tend to retrograde: largely irreversible transition  
from the solubilized or highly swollen state  
- to an insoluble, shrunken, microcrystalline state. 

The tendency towards retrogradation is enhanced:  
- at low temperatures, especially near 0 °C,  
- at neutral pH values,  
- at high concentration, 
- by the absence of surface active agents.  
Depends on  
- the molecular weight, 
- the type of starch,  
e. g., it increases in the series potato < corn < wheat. 
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Amylose  
Chain polymer of α-D-glucopyranosyl residues linked 1→4: 

The polymerization degree: 
- in wheat starch 500–6000  
- in potatoes it can rise up to 4500.  
(150–750 kdal molecular weight) 

Formation clathrate compounds with amylose: e.g. iodine, fatty acids, fatty 
acid esters of hydroxycarboxylic acids (e. g., stearyllactate), 
monoglycerides. Since the helix is internally hydrophobic, the enclosed 
“guest” has also to be lipophilic in nature.  
 

The enclosed molecule contributes significantly to the stability of a given 
conformation.  
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An example: aging of bread. 
 

The V conformation, after “guest” compound removal, slowly changes in a 
humid atmosphere to a more extended B conformation. 
Such a conformational transition also occurs during staling of bread or other 
bakery products: 

V-conformation  
Freshly baked bread B-conformation 

Aged bread 

Amylose conformations (Ebert, 1980) 
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Branched glucan with side chains attached 
in the 6-position of the glucose residues of 
the principal chain. 

Short chain branches: 20–60 glucose residues 
are present. Each of these branch chains is 
joined by linkage of C-1 to C-6 of the next 
chain.  
 

Amylopectin has double helices organized in 
parallel. The main portion of a starch granule’s 
crystalline structure is apparently derived from 
amylopectin. 

Amylopectin 
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Utilization of Starch  
 

Important thickening and binding agent (soups, sauces, salad dressings, 
diet food preparations for infants, pastry filling, etc.). 
 

Corn starch (the main food starch): important raw material for the 
isolation of starch syrup and glucose.   
 

Amylose layer: protecting cover for fruits (dates or figs) and dehydrated 
and candied fruits, preventing their sticking together. 
 

Amylose treatment of French fries: decreases their susceptibility to 
oxidation.  
 

Dispersable amylose: good gelling property (instant puddings, sauces). 
 

Amylose films in food packaging: edible wrapping or tubing (instant 
coffee or tea products). 
 

Amylopectin: thickener or stabilizer 
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Resistant Starch (RS)  
 

Not absorbed in the small intestine but bacteria of the colon metabolize 
them.  Acetic acid, propionic acid and butyric acid 
→ stimulating the growth of the cells of the intestinal epithelium, 
→ positively affect health.  
 

Forms of RS:  
- Type I. Starch enclosed in cells (e. g., coarse-ground grain or legumes)  
 

- Type II. Native starch granules (e. g., in bananas, potatoes) 
 

- Type III. Starch fractions produced on retrogradation (e. g., in boiled 
potatoes, bread crumb).  
 

- Type IV. Starch modified by the Maillard reaction or caramelization 
(formation of glycosidic bonds which are not hydrolyzed by α-amylase). 
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Type III RS: 
 

Only amylose, and not amylopectin, is involved. 
 

Consists of 60–70% of double helical α(1–4)polyglucan aggregates and 
only 25–30% of crystalline structures.  
The high content of the double helical conformation, 
which is similar to that of amylose type B, 
limits the activity of α-amylases. 
 

The formation of RS depends on the temperature and on the water and lipid 
content. 
 

20% of RS is obtained on autoclaving corn starch. 
 

Lipids complexed by amylose inhibit RS formation.  
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Modified Starches 
 

The properties of  
- starch 
- amylose 
- amylopectin 
can be improved or “tailored” by physical and chemical methods to adjust 
the properties to a particular application or food product. 
 

Mechanically Damaged Starches 
 

Starch granules are damaged (grinding) → the amorphous portion is 
increased, → improved dispersibility and swellability in cold water 
 →  decrease of gelatinization temperature by 5–10 °C 
→ increase in enzymatic vulnerability.  
 

E. g. in bread dough made from flour containing damaged starch 
- the uptake of water is faster and higher 
- amylose degradation is greater. 
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Extruded Starches 
 

Extrusion: V-type appears first → conversion to an E-type at higher 
temperatures (>185 °C ).   
Cooling: reformation of the V-type.  
 

The E-type apparently differs from the V-type only in the spacing of the V 
helices of amylose. 
 

Extruded starches: 
- easily dispersible, 
- better soluble, 
- have lower viscosity.  
 

185–200 °C: chemical changes also occur.  
Maltose, isomaltose, gentiobiose, sophorose, and 1,6-
anhydroglucopyranose appeared. 
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Dextrins 
 

Heating of starch (<15% of water) to 100–200 °C with small amounts of 
acidic or basic catalysts. 
 

White and yellow powders are obtained 
→ clear or turbid, highly sticky solutions of varying viscosity.  
 

Adhesives in sweets and as fat substitutes. 
 

Pregelatinized Starch 
 

1. Heating of starch suspensions.  
2. Drying. 
The products  
- swellable in cold water,  
- form pastes or gels on heating.  
Used in instant foods, e. g., pudding. 
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Starch Ethers 
 

30–40% starch suspension + ethylene oxide / propylene oxide  
(in the presence of alkali and/or alkali earth metals hydroxides) 

hydroxyethyl-/hydroxypropyl derivates 

(R1 = H, CH3) 

The substitution degree can be controlled over a wide range.  
Introduction of hydroxyalkyl groups: 
- greatly improves starch swelling power and solubility,  
- lowers the gelatinization temperature,  
- substantially increases the freeze–thaw stability and the paste clarity of 
highly-viscous solutions.  
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Products are utilized as thickeners for  
- refrigerated foods (apple and cherry pie fillings, etc),  
- heat-sterilized canned food. 

Reaction of starch with monochloroacetic acid in an alkaline solution yields 
carboxymethyl starch: 

Swell instantly, even in cold water and in ethanol.  
Dispersions: 
- 1–3% carboxymethyl starch: ointment-like consistency.  
- 3–4% carboxymethyl starch: a gel-like consistency.  
Thickeners and gelforming agents. 
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Starch Esters 
Heating of starch with alkaline orthophosphate /alkaline tripolyphosphate 
(H5P3O10) at 120–175 °C: 

starch monophosphate ester 

Starch organic acid esters  (e.g. of acetic acid, longer chain fatty acids (C6–
C26), succinic, adipic or citric acids) 
Obtained in reactions  
- With the reactive derivatives (e. g., vinyl acetate) 
- By heating the starch with free acids. 
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Properties of the esterified starch are better than in the corresponding 
native starch: thickening, paste clarity, freeze–thaw stability.  
 
Utilized: thickeners and stabilizers in bakery products, soup powders, 
sauces, puddings, refrigerated food, heat-sterilized canned food and in 
margarines. 
 
Protective coatings: 
- for dehydrated fruits  
- for aroma trapping or encapsulation. 
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Cross-Linked Starches 
 

Obtained by the reaction of starch with bi- or polyfunctional reagents ( e. g. 
mixed anhydrides of acetic and dicarboxylic acids). 

In proportion to the extent of crosslinking: 
- The gelatinization temperature increases. 
- The swelling power decreases. 
Starch stability remains high at extreme pH values (as in the presence of 
food acids) and under conditions of shear force. 
Cross-linked starch derivatives are generally used when high starch stability 
is demanded. 
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Oxidized Starches 
Starch hydrolysis and oxidation:   
aqueous starch suspensions + NaOCl →  products with one carboxyl group 
per 25–50 glucose residues. 

Used as a lower-viscosity filler for salad dressings and mayonnaise.  
 

- Does not retrograde.  
- Does not set to an opaque gel. 
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Cellulose 
 

- Main constituent of plant cell walls.  
 

- Occurs together with hemicelluloses, pectin and lignin. 
 

- In human nutrition: constitute the indigestible carbohydrate of plant food 
(vegetables, fruits or cereals), referred to as dietary fibre (cellulase enzymes 
are absent in the human digestive tract). 
The importance of dietary fiber: to maintain  of intestinal motility 
(peristalsis). 
 

Consists of β-glucopyranosyl residues joined by 1→4 linkages: 
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Unit cell of cellulose  
(Meyer and Misch) 

Monoclinic, rod-like crystals.  
 

The chains  
- oriented parallel to the fibre 
direction,  
- form the long b-axis of the unit 
cell. 

The parallel chains are stabilized by intermolecular hydrogen bridges:  
- Present in the direction of the a-axis. 
 

Hydrophobic interactions: 
- In the c-axis direction. 
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Variable degree of polymerization (depending on its origin). 
 

High molecular weight and crystalline structure: 
→ Insoluble in water.  
→ Its swelling power or ability to absorb water, is poor or negligible. 
 
Utilization 
Microcrystalline cellulose is used in low-calorie food products, 
in salad dressings, desserts, and ice creams.  
 

Its hydration capacity and dispersibility are substantially enhanced by 
adding it in combination with small amounts of carboxymethyl cellulose. 
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Cellulose Derivatives 
 

Cellulose → alkylation → derivatives with good swelling properties and  
improved solubility.  
 

Alkyl Cellulose, Hydroxyalkyl Cellulose 
 

The introduction of methyl or hydroxypropyl groups into cellulose: 

Variable swelling powers and water solubilities 
→ Depending on the nature of the substituent (methyl, ethyl, hydroxymethyl, 
hydroxyethyl or hydroxypropyl)  
→ Depending on the substitution degree. 
Diversified application. 
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Utilization in baked products obtained from gluten-poor or gluten-free 
flours (e. g. rice, corn or rye).  
 

Methyl and methylhydroxypropyl celluloses  
- decreases the crumbliness and friability of the product,  
- enables a larger volume of water to be worked into the dough 
- improves the extent of starch swelling during oven baking.  
 

Addition to batter or a coating mix for meats (panure) 
→ decreases oil uptake in frying.  
 

Addition to dehydrated fruits and vegetables 
→ improves rehydration characteristics and texture upon reconstitution. 
Sensitive foods can be preserved by applying alkyl cellulose as a 
protective coating or film.  
 

Cellulose derivatives can also be used as thickening agents in low calorie 
diet foods.  
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Hydroxypropyl cellulose is a powerful emulsion stabilizer 
Methylethyl cellulose has the property of a whipping cream: it can be 
whipped into a stable foam consistency. 
 
Carboxymethyl Cellulose 
 

Carboxymethyl cellulose is obtained by treating alkaline cellulose with 
chloroacetic acid. 
 

The properties of the product depend on the degree of substitution and of 
polymerization. 
 

Substitution types:  
 

- Low – insoluble in water but soluble in alkali. 
- Higher DS types: water soluble.  
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Carboxymethyl cellulose is an inert binding and thickening agent used to 
adjust or improve the texture of many food products (jellies, paste fillings, 
spreadable process cheeses…). 
 

- Retards ice crystal formation in ice cream (stabilizing the smooth and soft 
texture). 
 

- Retards undesired saccharose crystallization in candy manufacturing. 
 

- Inhibits starch retrogradation or the undesired staling in baked goods.  
 

- Improves the stability and rehydration characteristics of dehydrated food 
products. 
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Hemicelluloses 
 

Occupy the spaces between the cellulose fibrils within the cell walls of 
plants.  
Dicotyledoneae (e. g. runner beans) xyloglucans dominate: 

Monocotyledoneae -  the composition of the hemicelluloses in the 
endosperm tissue varies greatly.  
- Wheat and rye: mainly arabinoxylans (pentosans) 
- Barley and oats: β-glucans 
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Xanthan Gum 
 

Extracellular polysaccharide (Xanthomonas campestris and some related 
microorganisms) produced on a nutritive medium.  
 

Can be regarded as a cellulose derivative: the main chain consists of 1,4 
linked β-glucopyranose residues.  

The mannose bound to the main 
chain is acetylated in position 6. 

Every second glucose residue 
bears in the 3-position a 
trisaccharide as the side chain. 

50% of the terminal mannose residues occur ketalized with 
pyruvate as 4,6-O-(1-carboxyethylidene)-D-mannopyranose 
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- The molecular weight >106 dal. ↔ quite soluble in water.  
- Solution: highly viscous.  
- The viscosity is to a great extent, independent of temperature.  
- High freeze–thaw stability. 
 

Utilization of Xanthan Gum  
 

Based on its emulsion-stabilizing and particle-suspending abilities (turbidity 
problems, essential oil emulsions in beverages).  
 

- Thickening agent in food canning (high thermal stability)  
 

- Improves the freeze-thaw stability of starch gels.  
 

- Salad dressings (the pseudoplastic thixotropic properties, due to 
intermolecular association of single-stranded xanthan gum molecules). 

- High viscosity in the absence of a shear force. 
- Drop in viscosity to a fluid state under a shear force. 
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Inulin and Oligofructose 
 

Reserve carbohydrate in many plant families, e. g., scorzonera, topinambur 
(Jerusalem artichoke), chicory, rye, onion and dahlia bulb. 
 

Contains about 30 furanoid D-fructose units in a β-1,2-linkage. This linear 
polysaccharide has α-glucose residues in 2,1-bonding at its ends. 
Soluble in warm water and resistant to alkali (M 5000–6000). 
 

Utilization 
Inulin is nondigestible in the small intestine, but is degraded by the bacteria in 
the large intestine. 
 

It can be used in many foods as a sugar and fat substitute (e. g., biscuits, 
yoghurt, desserts and sweets). 
 

Oligofructans: slightly sweet taste due to the lower degree of polymerization. 
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Enzymatic Degradation of Polysaccharides 
 

Enzymes of this type are used in food technology.  
They are of interest for plant foods. 
- Processes that occur in the ripening of fruit.  
- Processing of flour to cakes and pastries. 
- The degradation of cereals in preparation for alcoholic fermentation. 
 

Amylases 
 

Amylases hydrolyze the polysaccharides of starch. 
α-Amylase 
- α-Amylase hydrolyzes 1,4-α-glucans (starch, glycogen).  
- The attack occurs inside the molecule. 
- Oligosaccharides of 6–7 glucose units are released from amylose. 
 

The viscosity of a starch solution rapidly decreases on hydrolysis by α-
amylase (starch liquefaction).  
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Dextrins formed → longer incubation → α-maltose is formed.  
- The activity of the enzyme decreases rapidly with decreasing degree of 
polymerization of the substrate. 
- Catalysis is accelerated by the gelatinization of starch.  
E.g. swollen substrate is degraded 300 times faster by a bacterial 
amylase than is native starch. 
 
β-Amylase 
Removals of maltose units from the nonreducing end.  
In contrast to amylose, amylopectin is not completely hydrolyzed. All 
reaction stops even before branch points are reached. 
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Pectinolytic Enzymes 
 

Pectin esterases: demethylate 
pectin to pectic acid: 

Hydrolases and lyases: 
attack the glycosidic bond in 
polygalacturonides. 
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Cellulases 
 

Hydrolysis of cellulose is a complicated process (completely insoluble, 
microcrystalline). 
Cellusomes (microorganisms):  
- Enzymes, which synergistically perform cellulose degradation.  
- Components support substrate binding.  
 

At least three enzymes are involved in the degradation of cellulose to 
cellobiose and glucose: 

C1 and Cx factors: endo- and exo-1,4-β-glucanases. 
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