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1. INTRODUCTION 

1.1 General 
Sugar is a wide expression, because many different types of sugars exist, but what we usually 
refer to as sugar is the sucrose [1]. Common for all sugars is that they come from sugar beets 
or sugar canes and can be divided into monosaccharides and disaccharides. These are the 
building blocks for polysaccharides. The simplest units are the monosaccharides, glucose 
(sometimes also referred to as dextrose), fructose and galactos, and most commonly used in 
foods is sucrose, a disaccharide consisting of glucose and fructose. 
 
Genetically, sweet and sugar rich food has been essential for survival when food supply is 
poor. This is one reason why humans have a “good eye” to sweet taste – our bodies think it is 
essential for us to eat as much sugar as possible. However, in modern developed countries no 
one needs to suffer from lack of food, but as our bodies still tell us to eat much sugar, obesity 
has turned into a problem. We need sugar and other carbohydrates for some parts and 
functions of our bodies, the brain for example, but as soon as we consume more than we 
metabolize, we will gain weight. 
 
Only recently, this has become a problem from a sugar point of view. It was long believed 
that fat was the most important factor in obesity, but this has now changed and many think 
that also sugar can cause obesity [2]. Sugar gives a lot of energy without providing any 
vitamins or minerals and is often used in high doses in soft drinks. Drinks usually do not give 
a certain feeling of saturation – with over-eating or over-drinking as a result [3, 4]. What else 
happens when we eat sugar and sweet foods is that the levels of insulin are raised in our 
bodies in order to signal to the organs to take up sugar (glucose) from the blood. A high level 
of insulin arisen by sugar rich food intake may give our bodies a chance to transform sugar 
into fat that can be stored, even if this transformation usually is very small. When the total 
caloric intake exceeds the need of our bodies, the excess calories have to be stored. Sugar 
gives easy accessible energy, why the exceeding calories coming from fat will be stored and 
possibly contributing to obesity [5]. Also, sugar is one of the roots to caries, a disease causing 
lots of problems and sufferings. Traditionally, fat has served as the main taste and flavour 
carrier in foods, but as many people demand low-fat products, the fat has been exchanged 
and, in many cases, replaced by sugar since it is another powerful flavour enhancer. 
 
Almost any changes of a food piece will give a different experience of it. Sugar (sucrose) is a 
bulk sweetener, i.e. often used in quite large quantities, and contributes to both taste and 
structure, why lower sugar content may change not only taste, but also the structure and 
texture experience of a food. The mechanism how sugar content, structure design and taste 
evaluation follow each other is therefore not a simple relationship, but complex and of utter 
interest to reveal. 
 
As obesity has become an actual problem in the developed world, there is a wish and demand 
for more healthy foods. Many persons do not, of any or other reason, wish to consume 
artificial sweeteners, why the supply for those persons is relatively limited today.  
 
As one of the leading sugar producers in Europe, Danisco Sugar AB wants to pioneer in the 
business with sugar reduced products giving the same taste and overall perception as its more 
sugar-rich “cousins”. 
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1.2 Objectives: Relationship between structure and sweet taste 
Many food properties influence the experience of it, and two important factors are taste and 
structure, and their relationship. Other factors include flavour, colour and shape. The structure 
influences not only our tactile senses, but also determines the diffusion rate and release of 
taste molecules, which will affect our taste sensation.  
 
The overall objective with the Ph.D-project is to gain a better understanding of structure and 
sweet taste and how a structure can be designed to give an optimal sweetness. However, the 
objective with this literature review is to investigate what is already done in the field around 
structure – sweet taste relations. The goal is to identify important factors in sweet taste 
recognition, such as structure, texture and sugar concentration, and how they influence each 
other. If achieved, a better understanding for structure controlled taste release is reached, and 
good conditions for structure design for optimal sweetness intensity are provided. 
 
To become updated about research status today, literature in this area has been collected and 
extensively studied in order to reveal the most important structural features influencing sweet 
taste. 

1.3 Outline for this report 
Literature from the last 50 years concerning structure and sweetness relations has been 
studied. It was noticeable that most of the research in this matter was performed from the 
middle of the 50’s to the end of the 70’s, whereas later research has been more focused on 
flavour release. The older studies often used liquid model systems, where viscosity and 
diffusion were the system parameters, but newer studies more often use gel systems with a lot 
of structure related parameters to measure, such as elasticity, gel strength, loss modulus, 
storage modulus and plasticity. 
 
This report gives a full account on the structure – sweetness research available in chapter 3, 
but only mentions a few results from structure – flavour research in chapter 4. 
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2. FOOD CHARACTERISTICS 
When characterizing a food, its tastes and flavours are “measured”, but also appearance, 
texture feel in mouth and in hands and the nutrition value of the food have to be considered 
for the whole food experience [6].  

2.1 Food structure 
The tactile perceptions of foods are related to the food structure, something that will affect the 
physical feeling of the food. The consistency, for example, is a thickness-feeling of the food 
in the mouth and a perceived thickness will follow from addition of thickeners. The type of 
thickener and its concentration can be varied to create all possible thicknesses from slow 
floating, viscous solutions to very hard gels, depending on which type of food it is aimed for. 
The structures are built up of ordered strands of polymers, for example proteins or 
polysaccharides, many abundantly found in nature, where they are constituents in plants and 
animals to add structure, act as energy reserves, facilitate cell recognition and adhesion 
processes and provide lubricants for bone joints. In the food industry, the most commonly 
used thickener is starch, followed by gelatin (2003) [7].  

2.1.1 Gels 
Gels can be described as two-phase systems, one phase a liquid and the other a solid network. 
A gel is formed when polymer chains associate and aggregate, and by definition a gel is ‘a 
structure where a formed continuous network structure immobilizes the dispersion media’. 
The final over all gel properties are dependent on how the polymer chains associate, aggregate 
and rearrange [8].  
 
During gel formation the polymer strands start to associate, and configure into ordered 
structures. This process can take place in different ways depending on the molecular 
properties of the specific polymer, temperature, pH, presence of ions etc. and those factors are 
important for the understanding of a gel structure. Some polymers, like methyl- and 
hydroxypropylmethyl-cellulose, form gels upon heating, whereas others, like carrageenan and 
gelatin, form gels when cooled. Others require specific conditions for gelation; for example 
HM-pectin needs much sugar (> 55 %) and low pH (< 3.5) to gel when cooled. 
 
Gel structures can be divided into a few groups: 

• Fine stranded gels consist of fine thread-like strands and are often transparent. 
• Globular proteins may form particulate gels, where the gel networks consist of 

particles or aggregates. 
• Some proteins form gels that are like stiff rods, called rod-like particle gels.  
• Crosslinked gels have intermolecular bonds between the strands and those bonds 

include hydrogen bonds, hydrophobic interactions and ion-mediated crosslinks. 
• Entanglement networks are formed when polymer chains are entangled without any 

chemical bonding.  
 
A gel structure is interesting to map on different length scales, where the total collected 
information reveal more or less full information about the structure. For stranded gels at short 
length scales (~100 nm), the individual strands are visible, thus showing if they are fine or 
thick and, if and how, they interact, associate, and align with each other. At this magnification 
information about stiffness of the strands and if they are straight or bended can be acquired. A 
decreased magnification (to ~500 nm) will give a larger picture of how the strands associate 
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and whether the formed network is sparse or dense, homogeneous or heterogeneous etc. Even 
lower magnification (~1000 nm) can reveal larger in-homogeneities that may not be covered 
in the higher magnifications. Differences between the magnifications and the information they 
can provide is exemplified for pectin in figure 1. Figure 1 (a) shows a rather loose network 
with straight and stiff strands, in figure 1 (b), the variation in network structure is visible, 
something even more obvious in picture 1 (c).  
 
 

        
 
Figure 1. Network structures of HM/LM pectin at different magnifications, see scale bars [9]. 
 
 

For granular gels, like starch, information about globular form, degree of non-dissolved 
granules, granular organization, size, and shape may be acquired with microscopy techniques 
at different magnifications. Starch gels can be described as dispersed phases of swollen 
granules in continuous gel phases [10, 11]. To acquire information about the granular 
organization of starch gels, magnifications to the micrometer-range is needed, but for fine 
details of the granules higher resolution (~Å) must be used. In figure 2 microscopy pictures of 
starch are shown; gel networks without (a) and with (b) embedded particles [10]. 

 

     
Figure 2. A gel network without (a) and with (b) embedded particles [10]. 
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2.1.2 Emulsions  
Emulsion structures are widely used in the food industry and are formed when droplets of one 
substance are dispersed in another, with the two substances naturally immiscible in each 
other. To enable formation of these dispersions, specific methods, like homogenization, or 
additives, emulsifiers, have to be used. Homogenization is a mixing process under high speed 
and high pressure and the emulsifier is added for adsorption onto the surface of the particles 
as a protective coating, which will prevent them from aggregation. Emulsions are not stable 
over time and can break down due to droplet sedimentation, flocculation or, more common 
for fluid emulsions, creaming. To enhance emulsion stability, thickeners can be added for 
increased viscosity or for gel formation of the continuous phase [12]. 
 
It is possible to form emulsions with great diversities in rheology, everything from low-
viscosity Newtonian liquids to visco-elastic materials [12], and the two most commonly used 
systems are oil-in-water (o/w) and water-in-oil (w/o) emulsions. However, also double 
emulsions, such as oil-in-water-in-oil (o/w/o) and water-in-oil-in-water (w/o/w) emulsions 
exist. 
 
Theoretically, the viscosity of a fluid emulsion is directly proportional to the viscosity of the 
continuous phase, however, in practice this is mostly not the case. Still, in practice, most fluid 
emulsions get their overall rheology from the continuous phase, but the droplets influence, 
and the rheological properties of an emulsion are affected by the relative magnitude and range 
of attractive and repulsive interactions between the droplets, as well as their size, shape, 
distribution, charge and concentration. In ‘dilute’ emulsions, the droplets have less impact 
than in ‘concentrated’ emulsions [12]. 

In characterization of emulsions, apparent viscosity and its dependence of shear stress is 
commonly used for fluid-like emulsions and dynamic shear modulus or elastic modulus, yield 
stress and plastic viscosity are used for solid-like emulsions. 

2.1.3 Foams 
Foams are other commonly used food structures and consist of liquids or solids with gas 
bubbles of different sizes trapped inside. However, G. Stainsby [13] claims that foams not 
simply may be described as gas-in-water emulsions; in the foaming process, gas is beated or 
whipped into the structure rather than bubbled into it and excess gas is almost accessible, 
rather than fixed amounts as for the dispersed phase in emulsions. Foaming is an extremely 
energetic and dynamic process because new interfaces have to be created and the structure is 
constantly rearranging itself when bubbles coalescence [13]. The thin ‘walls’ between the 
bubbles may contain particulate material and, contradictory to oil-in-water emulsions, the gas 
bubbles might easily dissolve in the continuous phase.  
 
In ‘dilute’ foams, nearly spherical bubbles are dispersed with rather thick walls in-between, 
compared to ‘concentrated’ foams, structures mostly consisting of polyhedral gas cells 
separated only by thin walls. After liquid drainage, a ‘dilute’ foam can develop into a 
‘concentrated’ foam [14].  
 
The two main categories of macromolecules used in foods are carbohydrates and proteins, 
where proteins are dominant in foams [13]. Flexible macromolecules form high volume 
foams due to the possibility of keeping larger bubbles within the structure, and globular 
proteins more often form creamy foams with small bubbles. If the proteins are denatured prior 
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to foaming, an enhanced foamability of globular proteins will be achieved, as long as their 
solubility is maintained [15]. 
 
Like emulsions, foams are unstable over time, and foaming agents often have to be used. 
These are often the same components as emulsifiers, because similar mechanisms affect 
emulsion stability: droplet coalescence, and foam stability: bubble collapse [14]. When 
bubbles collapse or when small bubbles migrate to larger ones, coarsely dispersed gas areas as 
large as tens of micrometers may be created [13].  

2.1.4 Diffusion and mass transport 
Mass transport occurs in most structures, and includes mechanisms such as hydrodynamic 
flow, capillary flow and molecular diffusion. Different transport mechanisms take place as a 
consequence of different length scales in the structures. 
 
Diffusion is the dominating mass transport mode for water in structures with pores in the 
nanometer range, but at those length scales, particle transport is more interesting. Molecular 
diffusion is caused by random particle movement and may vary between  
10 cm/min in gases to 0.05 cm/min in liquids and 0.00001 cm/min in solids [16]. The 
diffusion process aims to level out local concentration differences. Except for the physical 
state of the material, also factors like particle size, pore size, polarity and charge of particles 
and material, and flexibility of the structural network will influence the diffusion rate. 
Diffusion can be divided into free and restricted diffusion, where the degree of restriction 
mostly depends on particle size in relation to pore size [17]. 
 
Another type of molecular movement is convection, which evolves due to heat differences, 
which may be applicable to foods put in the mouth. Free convection is motion due to 
temperature differences within the structure, and forced convection arises from temperature 
differences between the structure and its surroundings [18]. 
 
Capillary and hydrodynamic flow is water transport within and out from a structure, but water 
soluble substances such as sugar, may possibly be co-transported. Hydrodynamic flow takes 
place in large and open structures and is driven by external forces such as concentration 
differences (gradients) or gravity. Capillary flow depends on surface tension and occurs in 
channels and pores in a structure, similar to hydrodynamic flow, but on shorter length scales. 
For even finer structures, such as gels of fine strands, capillary pressure is too high for water 
to be pressed out, resulting in syneresis when water is released. 
 
As molecular diffusion usually is very small it may be the limiting step in many chemical 
reactions, such as acid-base reactions, microorganisms’ production of penicillin and the speed 
with which human intestines adsorb nutrients [16]. For a better and faster mixing, turbulence 
following from for example agitation or mastication can be introduced. In soft foods, eddies 
can be created within the structure and cause Eddy diffusion [19], which is much larger than 
molecular diffusion [20, 21]. However, the Eddy diffusion arises mostly from mastication, 
which must be viewed as a macroscopic process that moves parts of the food structure over 
large distances [16], in contrast to the small microscopic particle diffusion acting over only 
very small distances. 
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Equations for particle diffusion in viscous liquids are exemplified by Stoke-Einstein:  
 
D=kT/6ηπa,  
 

where k=Boltzman’s constant, T=temperature, η= viscosity, a=radius of the molecule and 
D=diffusion and Wilke-Chang: 

 
DAB=7.4·10-8[(φµB)½·T/(ηBvA

0.6)],  
 

where φ=the parameter of association of solvent B, µB=the molecular mass of substance B, 
vA=the molar volume of solute A at a boiling point under normal conditions, ηB=the substance 
viscosity, and T=temperature [22]. 
 
However, particle diffusion in hydrocolloid thickened solutions may not follow those 
equations as very small hydrocolloid concentrations (often < 1 %) are used in viscous 
solutions. 

2.2 Taste 
Humans have five senses; sense of sight, hearing, feeling, tasting and smelling. Taste and 
smell are closely related and one of them often interact and influence the other, either 
positively or negatively [23-25], however, they are still different systems in our bodies 
working in parallel and merged first at a rather high level in the brain [26]. In addition to 
odour, also temperature, pH, sight, sound, texture and sometimes pain/irritation influence 
flavours [23], but pH, temperature and ions have been shown to have only a small effect on 
sweet taste [27]. Taste is an analytical sense, which means that the individual parts are 
distinguished in a mix, in contrast to a synthetic sense, like sight, where colours mix to form a 
new colour [28]. 
 
Taste can be divided into five modalities: sweet, salt, bitter, sour, and umami (a Japanese 
word, sometimes translated into “pleasant”). Umami is primarily stimulated by the amino acid 
L-Glutamate and other amino acids [29-32]. Probably almost all of us have been taught in 
school that the different taste modalities are recognized at different locations at the tongue, i.e. 
sweet at the tip, bitter at the back etc. This is not totally true; it has been shown that all 
modalities can be recognized all over the tongue, but some areas are more sensitive to one 
modality [26]. Taste is also sensed at different isolated locations in the oral cavity, on the 
palate or in the mucosa [30, 32, 33]. 
 
Taste and smell often work together, especially when the odour is introduced retronasally, i.e. 
up in the nose via the mouth. Also tactile sensations of food in the mouth contribute to the 
overall perception. The brain contains unimodal cells, responding to taste, smell or texture 
and multimodal cells with the ability to respond to more than one stimulus. Usually, stronger 
responses are observed from multimodal stimuli [34]. For taste and smell to enhance the each 
other, congruency or similarity is necessary [25] and it has also been shown that the threshold 
value for a sniffed odour is decreased when food with congruent taste is held in the mouth 
[35]. Functional Magnetic Resonance Imaging (fMRI) on the human brain at the cortical level 
has shown that the parts of the brain involved in taste are the insula, the rolandic operculum, 
the frontal operculum and the temporal operculum. Interestingly, the somatosensory, tactile, 
perception of food was showed to stimulate the same areas in the brain, but different 
activation patterns and balance of activation in the brain areas enable to distinguish between 
stimuli. Also, different stimuli induce various co-activated areas of the brain [36]. 
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The basic tastes (including sweetness) are only perceived in the mouth and all flavours are 
sensed retronasally in the nose. Flavourings must be volatile for retronasal recognition, and as 
sugars are water soluble and non-volatile, they will never depart from water to air and become 
transported to the nose [37] 

2.2.1 Taste receptors 
The primary cells for taste transduction are modified epithelial cells. Approximately 50-100 
taste receptor cells are clustered into taste buds that are isolated in the oral cavity, on the 
palate or in the mucosa, but mostly grouped into taste papillae on the tongue [30, 32, 33]. The 
three different papillae, fungiform (shaped like mushrooms), foliate (ridge-shaped), and 
circumvallate (pimple-shaped), are distinguished by morphology and localisation [26, 32, 33]. 
The fungiform papillae decorate the anterior two-thirds of the tongue, the foliate ones are 
located on the lateral edges and the circumvallate papillae can be found on the posterior two-
thirds of the tongue. Papillae location is shown in figure 3 [33]. 
 
There are principally two ways in which taste cells can work; generality, where cells 
recognize one or more modality, or specificity, where each cell recognizes only one modality 
[31]. Earlier, it was believed that a small number of specialized taste receptors would make 
the tasting system incapable of a detailed taste analysis, why the cells ‘must’ recognize more 
than one modality. If so, the cells’ activity patterns rather than the specific cells should be 
responsible for taste transduction signals [30]. Genetically and biologically, the reason for 
sweet taste recognition is to identify carbohydrate and calorie rich foods [30, 32, 33] and it 
has therefore been proposed that the specificity of receptors is not needed. However, later 
observations have shown that cells selectively respond to different stimuli and it is now 
believed that the sensory information is kept segregated also in the brain [32].  
 
 

 
 
Figure 3. Tongue, papillae, taste buds and receptor combinations. Taste buds are found in three kinds of papillae 
(fungiform, foliate and circumvallate) that can be distinguished on the basis of their location on the tongue [33]. 



 

 13

2.2.2 Taste transmission 
A taste sensation is initiated by interactions between tasting molecules and primary sensory 
cells and ion channels in the taste receptor cells [29]. These cells are neurons or highly 
specialized cells that share with neurons the ability to release neurotransmitters [30]. 
Mammalian taste cells are not neurons, i.e. they do not send axonal projections to the brain, 
but initiate action potentials leading to the release of neurotransmitters, causing transmission 
of activity further to neurons in the innervate taste buds [32]. Primary sensory cells for taste 
are in contact with their surroundings through different diffusion media, like saliva [30], 
which prerequisites water soluble substances for taste recognition [28]. A schematic 
illustration of taste perception is shown in figure 4 [30].  

              

 
 
Figure 4: Perception of taste is caused by the 
release of neurotransmitters giving a precise 
reaction pattern in the brain. Taste transduction 
starts when taste molecules bind to taste receptors 
[30]. 

 

2.2.3 Sweet taste 
Receptors for sweet taste belong to the class C G-protein Coupled Receptors (GPCRs) and 
were the first class C GPCR shown to have more than one locus of agonist binding [38]. The 
receptors belong to the T1R family which consists of the three genes, T1R1, T1R2, and T1R3 
[31, 39]. Characteristic for the T1Rs are the long N-terminals, which are probably involved in 
ligand binding [32, 33, 38, 40]. It has been shown that a perfect functional receptor must be a 
heterodimer (pair of two different subunits) of T1R2 and T1R3 and that cell often co-express 
the two [40-42]. Some have suggested that T1R3:s can be functional alone as low-efficiency 
receptors in only a few cells [39] or in combination with any other, still unknown, receptor 
[42]. Only recently (2005) it was shown that both T1R2 and T1R3 can bind sweet substances, 
but with different affinities and conformational changes [40], however, it seems like the 
heterodimer of the two is needed for downstream neural activation [31, 40-42]. 
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The exact molecular interaction between a sweet substance and its receptor is not completely 
known [40, 43], but several models for sweet taste chemoreception have been developed and 
divides into two categories. An early theory, the AH-B theory belongs to Category I and was 
developed by Shallenberger and Acre 1967 [44]. The others in Cat I are The three-point 
attachment theory AH-B-γ by Kier 1972 [45], The multi-point attachment theory by Nofre 
and Tinti 1996 [46] and The α-helix receptor protein theory [47]. Category II is also called 
The direct G-protein binding theory and were proposed by Naim, Seifert, Nürnberg, 
Grünbaum and Schultz in 1994 [48]. All theories in Cat I originate from the AH-B theory; 
when proposed in 1967 it was assumed that all sweet-tasting compounds have a hydrogen 
bond donator (AH) and a hydrogen bond acceptor (B) separated by 2.5 – 4 Å. This AH-B pair 
interacts with a similar AH-B pair on the receptor. The other Cat I theories are more or less 
advances of this theory; the AH-B-γ theory propose an additional, not necessary binding site 
γ, which was thought to enhance sweetness intensity. In The multi-point attachment theory, at 
least eight different functional categories of binding sites are available and the sweetness of a 
substance is related to the number of sites actually binding. The a-helix receptor protein 
theory is a more specific version of the AH-B theory, wherein the AH-B pair must interact at 
the N-terminal of the receptor protein with a right-handed α-helical conformation. The only 
Cat II theory assumes that a couple of sweet-tasting substances directly activate the G-protein 
or other elements even more down-stream, mostly believed to pertain to non-sugar sweeteners 
with amphiphilic properties, which enables them to pass the cell membrane. 

2.2.4 Sweetness transmission 
The mechanism for taste transduction of sweetness is initiated when a sweet substance binds 
to a sweet-taste receptor. The receptor couples to G-proteins and induces release of second 
messengers like cyclic adenosine monophosphate (cAMP), inositol 1,4,5-triphophate (IP3) or 
diacylglycerol (DAG) [43, 49]. It is believed that sucrose and other sugars lead to activation 
of cAMP and that artificial sweeteners activate IP3 or DAG [29, 50]. All second messengers 
sequentially induce cell depolarization by modulation of the ionic content of the cell, usually 
by increasing the Ca2+ concentration [43], see figure 5 [49]. 
 
 

 

 
 
 
 
 
Figure 5. A schematic picture of the sweet and 
bitter taste transduction systems. Different second 
messengers can be released as a result of the type of 
sweetener that binds [49].
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2.3 Methodology 
There are several ways to define and “measure” the taste and texture of foods, and those can 
be divided into instrumental and human methods. The instrumental methods are performed in 
the laboratory, and give chemical content, diffusion in the food matrix, rheological parameters 
of the food piece etc. An in mouth headspace analysis gives the concentration of volatiles in 
the oral cavity, which indicates how flavour molecules are distributed between the food piece 
and oral cavity and, perhaps, distribution of flavour molecules between taste and odour 
receptors. The methods where humans are used include analytical sensory methods and 
consumer tests. Analytical sensory methods are the most reliable “measurements” of 
combined sensations of taste and texture, and are methods where a trained panel is invited to 
taste and characterize foods. Some difficulties exist about how to make sensory testing a 
standardized process, how to enable comparison of different foods and how to correlate the 
answers from the sensory panel to the instrumental measurements. Besides, the sensory 
methods, deal with a couple of problems, such as different chewing patterns and different 
recognition thresholds for a certain taste between individuals, possibly leading to varying 
answers. This can, most often, be overcome with good statistic methods, and since both taste 
molecules and texture components affect the overall perception for humans, the sensory 
methods still give the best “measurement” of foods. The consumer tests are used as a way to 
learn about consumer liking or disliking specific foods and products, and this tests are 
performed by ‘ordinary’ people like you and me.  

2.3.1 Structure 
It is often desirable to enable comparison and mutual understanding between texture and 
structure in foods. Information about texture and viscosity are given from rheological 
measurements and structure information is acquired from microscopy techniques, where 
different microscopes give information on different levels.  

2.3.1.1. Properties 
Rheology is the study of deformation and flow of materials and rheological measurements 
give information about the elastic and viscous nature of a material. Rheological tests are 
usually divided into dynamic tests (small deformation methods) and static tests (large 
deformation methods), where the main difference is the damage induced in the material [8].  
 
Viscosity (η) is defined as the internal friction or the tendency to resist flow in a fluid [6] and 
may be derived from η=stress/shear rates. Viscosity is commonly perceived as "thickness", 
or resistance to pouring [51]. 
 
Elasticity is a measure of a body’s ability to deform and go back to its origin state without any 
over all energy loss. In the simplest case, a material is solid, elastic, or liquid, viscous. For 
foods however, most structures exhibit both viscous and elastic behaviours. A viscoelastic 
material deforms under applied force, and when the force is removed, the elastic contribution 
to the material gives partial recovery to the original state and the viscosity leads to energy loss 
as heat. To gain understanding of those properties, different rheology parameters, like storage 
modulus (G´), loss modulus (G´´), complex modulus (G*) and phase angle (δ) can be derived. 
These moduli are defined as shear strain/deformation, where the shear strain has one elastic 
component, represented by G´ and one viscous component, represented by G´´. G* is defined 
as the complex sum G*=G´+jG´´ and δ as tan δ=G´´/G´. G´, the elastic part of a body, 
expresses the stiffness and the phase angle (δ) gives the degree of viscous character of a 
material; when δ=0°, the material is solid and when δ=90°, it is a liquid. By measuring G´ and 



 

 16

G´´ over a broad range of frequencies, a mechanical spectrum, and gel structure, will be 
acquired and when measuring G´ and G´´ at constant frequency over time, gel formation can 
be followed. The simplest definition of the gel point is the point of cross-over between G´ and 
G´´, i.e. when the phase angle (δ) is 45. In figure 6, curves for G´, G´´ and phase angle are 
shown for a pectin gel. 
 
 

         
            
Figure 6. An example of formation of a pectin gel, showing loss modulus, storage modulus and phase angle. The 
gel point is marked [52] 
 
It some cases compression or tensile stress and deformation in the uniaxial plane is measured 
and this gives the Young’s modulus, E. The different directions for Young’s modulus, E, and 
shear modulus, G, are shown in figure 7 and the relation between them is derived as: 
 
 E=2(1 + v)G 
 
where v is Poisson’s ratio, a number that can vary between -1 and 0.5. For an incompressible 
material, the volume is constant during deformation, and v=0.5. 
 
 

    
 
Figure 7. Direction of force for (a) shear modulus, G, and (b) Young’s modulus, E [53]. 
 
Fractures in structures are induced by high loadings or by long time stresses in the material. 
All materials will deform under applied forces, and sometimes deformation is crucial for a 
material to function properly. In static (large deformation) tests, high forces are applied to 
induce large deformations and/or fracture in a material. The fracture can be ductile, 
characterized by large plastic deformation in the fracture zone, or brittle, where the fracture 
zone is without or with only small deformations. Fracture in a material occurring as a 
consequence of long time fatigue in the material is often ductile in character, where sudden 
fractures mostly are brittle in nature. Another mechanism that can lead to fracture or failure is 
loss of stability in the structure, which means that a structure is transferred from one state of 
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equilibrium to another, and this second state of equilibrium might involve loose of structure 
or function of the material. Loss of stability can happen due to for example bending, shear or 
torsion [54]. 

2.3.1.2 Techniques 
Instrumental methods for rheological and textural measurements may be divided into three 
classes according to Szczesniak, 1963 and Bourne, 1978 [55, 56]: 
Fundamental tests measure properties like Young’s modulus and the shear modulus, but those 
tests often only poorly correlate with sensory evaluations. Empirical tests have been 
developed for a limited number of foods to correlate well with sensory evaluation, but the test 
methods are poorly defined and cover tests like puncture and extrusion. Finally, the imitative 
tests are supposed to expose the food to imitations of events in the mouth and on the plate 
during a meal. The imitative tests aim to give sensory information of the foods, but suffer 
from the drawback that they are less well defined and the terms used are easily misunderstood 
because they do not always mechanically describe the same properties as their names imply. 
The imitative terms commonly used are rigidity, force needed to penetrate materials, hardness 
or firmness, force needed to attain a given deformation, cohesiveness, strength of internal 
bonds making up the body of the material, adhesiveness, work necessary to overcome 
attractive forces between the surface of the food material and the surface of materials the food 
come in contact with, brittleness, the force with which the material fracture, springiness or 
elasticity, height of material recovery between two bites, gumminess, energy needed to 
disintegrate a semi-solid food product to a state ready to swallow, and, finally, chewiness, 
energy needed to masticate a semi-solid food product to a state ready for swallowing. 
 
The microstructure of a gel is desirable to characterize at different length scales, which can be 
achieved with different microscopy techniques. The microstructure will determine the overall 
rheology properties of a gel why it is of interest to find the correlation between microstructure 
and the rheological properties. The microstructure tells what the structure looks like; how the 
gel network is built up, if it is a fine-stranded network, how dense the gel network is, whether 
it is a homogenous structure, a clustered structure, an emulsion structure etc. and by 
combining them a more complete picture of the structure can be acquired. The different 
microscopy techniques include: 

• light microscopy (LM), which gives two-dimensional information about structure 
components larger than 0.5 µm 

• transmission electron microscopy (TEM) that measures in the range of Å, however, 
for biopolymers only in the range of nm as preparations techniques are limiting. TEM 
is used to analyse two- or three-dimensional network structures 

• scanning electron microscopy (SEM), which spans over the gap between LM and 
TEM and gives three-dimensional topographic pictures of a sample 

• confocal laser scanning microscope (CLSM), which gives slightly higher resolution 
than LM, but offers possibilities for more gentle preparation of the samples.  
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In complement to microscopy techniques, image analysis could be used for investigation of 
parameters like: 

• pore size 
• particle size 
• thickness of strands 
• flexibility of strands 
• length of strands between junctions 
• frequency of junctions zones 
• number of strands in a junction 
• angles between strands in a junction 

 
Image analysis is the technique to classify and quantify objects in an image and relies on 
mathematical calculations and statistical evaluations of a large number of micrographs [57]. 

2.3.2 Sensory  
To get the over-all and collected sensory profiles of foods, instrumental measurements often 
are insufficient, and instead humans are used as analytical instruments. A machine measures 
only one isolated property at a time, but a human can be instructed to evaluate a single 
property as well as the over-all sensation. Sensory analysis tests, where humans are used as 
instruments, may be divided into objective (analytical) and subjective (hedonic) tests, and the 
three main types of tests are shown in table 1.  
 
Table 1.  
Classification of test methods in sensory evaluation [58]. 
 
Class    Question of interest   Type of test  
Discrimination/  “Are products different  Analytical 
difference   in any way?” 
 
Descriptive   “How do products differ in  Analytical 
    specific sensory characteristics?” 
 
Affective   “How well are products liked  Hedonic 
    or which products are preferred?” 
 
A central principle regarding sensory testing is that the testing method must match the 
objective of the test, i.e. if descriptive information is needed, a descriptive test should be used 
and if the question regards consumer liking or disliking of a specific product, an affective test 
should be performed [58]. When performing difference and descriptive tests, a sensory panel 
has to be recruited, trained and taught to put their personal opinions and preferences aside, 
and the primary function of sensory testing is to conduct valid and reliable tests, why both 
panel recruitment and training is of utter importance. Test scores are collected and interpreted, 
which will give enough information for the product developer to decide whether to 
continue/stop production of a certain product or for the researcher to decide about the next 
step in his/her research. The panel members are selected based on their average to good 
sensory acuity for the critical characteristics (e.g. taste, smell, texture, flavour etc.) [58] and 
their ability to communicate their scores and thoughts [59].   
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2.3.2.1 Discrimination/difference tests 
The difference tests may be divided into overall difference tests (“Does a difference exist 
between samples?”), including Triangle and Duo-trio tests, and attribute tests (“How does 
attribute X differ between samples?”, “Please rank samples according to sweetness”) and 
includes Paired comparison tests [60].  
 

• Triangle test 
In triangle tests, the panellists are presented with three samples, with two samples 
identical. Each panellist should indicate which sample is odd or which samples are 
identical [58].  
 

• Duo-trio test 
Also in duo-trio tests, three samples are served simultaneously, but one sample is 
marked “reference” and is identical to one of the other samples. Panellists should 
indicate which one of the other two that matches the reference [58].  
 

• Paired comparison test 
In directional paired comparison tests, the panellists are given two samples and asked 
to indicate whether they differ in a specified property, such as sweetness, crispness 
etc. and in difference paired comparison tests (also called simple difference tests), the 
panellists should just indicate whether two samples differ in any way [58]. 
 

• A-Not-A tests 
The A-not-A tests can be viewed as a sequential simple difference test. In this method, 
the first sample is given to the panellists for evaluation, and then this sample is 
removed. The next sample is given and the panellists evaluate this one and indicate 
whether the two samples are the same or different [58].  

2.3.2.2 Descriptive tests 
The descriptive sensory analysis is believed to be the most sophisticated tool for the sensory 
scientist, as this technique gives the sensory scientist a possibility to obtain complete sensory 
descriptions of products and helps to identify important underlying process variables and 
ingredients [58]. Descriptive analysis is commonly used in research and product development 
and may give much important information. The major tests within this group are listed below: 
 

• Flavor Profile ® 
The Flavor Profile (FP) is a qualitative descriptive analysis and is a consensus 
technique. A vocabulary is developed by agreement of the panel members and FP 
considers the overall flavour and the individual detectable flavour components of a 
product. The method also considers the intensity, over-all impression, order, and 
aftertaste of the flavour notes. The samples are served in the same form as they would 
be served to a consumer. Sometimes, the panel leader derives a consensus profile from 
the responses of the panel but, in a true FP, the consensus should be obtained by 
discussions and re-evaluation of the products by the panellists and the panel  
leader [58]. 
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• Quantitative descriptive analysis ® 

In Quantitative descriptive analysis (QDA), the panel leader is not actively 
participating, but acts as facilitator by directing discussions and providing reference 
materials when required by the panel. When doing QDA, the panel is presented with 
reference samples, which usually do not look like samples that would be presented to 
a consumer, and the panellists are told to define descriptive terms to those. Then, the 
panel, through consensus, develops a standardized vocabulary with attributes and 
definitions that describe the differential properties of the tested products. The training 
continues with practice in using the attributes and the scale [58].  
 

• Texture Profile® 

The Texture Profile (TP) is a development of the Flavor Profile and the goal of TP is 
to give an assessment of all the texture characteristics of a product from the first bite 
through complete mastication. In TP, a standardized terminology with defined 
reference samples has been developed. For the success of TP it is crucial that all 
panellists have the same frame of references and the same behaviours, why training 
includes both familiarization with the reference scales as well as training of how to 
bite, chew and swallow [58]. 
 

• Sensory spectrum 
The sensory spectrum technique is a further expansion of the descriptive analysis, and 
the uniqueness of this technique lies in its reference scale. In contrast to for example 
QDA, where the panel develops it vocabulary in consensus, the spectrum method uses 
a standardized lexicon of sensory terms [61]. The language and scales for description 
of a certain product are decided a priori and remains the same for products in the same 
category over time. Panellists are trained to use the scale identically, which give 
possibilities to compare results from one study with results from another. The 
panellists use numerical scales that are usually 15-pointed and always absolute. The 
training of the panellists is much more extensive than in any of the other tests, the 
panel leader has a more directive role than in QDA, and, as for TP, the leader should 
provide the panellists with extensive information on the product ingredients [58]. 
 

• Free-choice profiling 
In free-choice profiling (FCP), each panellist put his/her own attributes to a product 
and uses this vocabulary to describe the product. The panellists are also allowed to 
evaluate the product in several ways, i.e. they may touch, smell, taste etc., and they 
may evaluate any property they find suitable, irrespective if it regards taste, colour, 
shape, texture or size. The panellists must, however, use the same terms consistently 
during evaluations of more than one product. The most distinctive advantage with 
FCP is the avoidance of panel training, which gives faster and less expensive tests. 
Another advantage of the use of individual attributes, is that a more complete analysis 
of a product may be given. A disadvantage, however, is handling of data; as every 
panellist evaluates the product in his/her own way, the data can not be evaluated with 
standard uni- or multivariate techniques, but a method called Procrustes analysis has 
to be used. The Procrustes analysis provides a two or three dimensional consensus 
picture of data from all panellists, and may be seen as a way to force-fit data from the 
single panellists into a consensus space, which will give loss of detailed  
information [58].  
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• Time-intensity sensory evaluation 
Time-intensity (TI) is a type of descriptive analysis, where perceptions of taste, smell, 
flavour, texture etc. are recorded over time, which may be desirable as those 
sensations are dynamic phenomena. In TI, the panellists record each sensory property 
continuously, and modern computer programs enable collection and illustration of the 
scores [62]. From the TI-data, the panel leader can follow the intensity perception of a 
specific attribute over time and the following information can be obtained: maximum 
intensity, Imax, time to reach maximum, Tmax, rate and shape of the increase in intensity 
to the maximum point, rate and shape of the decrease, duration of the perception, Tdur, 
and area under the curve, AUC [58]. An example of a TI-curve is shown in figure 8, 
with the interesting parameters, Imax, Tmax, Tdur, and AUC pointed out. Another way to 
describe time-related responses is mathematical modelling based on differential 
equations; models that consider individual differences in curve shape, in contrast to 
calculations of the parameters above which usually are based on averaged  
panel data [63]. 

 
 

 
 

 
Figure 8. Example of a time-intensity curve with Imax, Tmax, Tdur, and AUC pointed out [60]. 
 

 

2.3.2.3 Affective tests  
The purpose with an affective test is to get personal opinions of products or specific product 
characteristics, and is usually used towards the end of product development [58]. In affective 
tests, a larger number, usually 100 to 150 persons are used. They should be consumers of the 
specific product and fulfil specific inclusion criteria, i.e. age, gender, eating behaviour etc. 
[60]. Complementary, it is quite common that a company or research centre has its own “in-
house”-panel, but their responses should probably be treated and used with care as those 
persons not necessarily represent the true consumers. In consumer tests, the investigator is 
interested in whether the consumer likes one product better than another (preference test) or if 
a product is found acceptable based on its sensory characteristics (acceptance test) [58], and 
the different tests methods follow: 
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• Preference test 
A preference test is performed when the preference of one product against another is 
wanted, and this method is common to use when a company wants to compare its 
own product with the one from the competitor. It is possible to use two samples at a 
time, but also to perform a series of paired preferences. Usually, the consumers are 
forced to choose one product, even if the answer “no preference” may give valuable 
information. The two samples should be served simultaneously and the consumer are 
told to identify the preferred one [58]. 
 

• Acceptance tests  
In acceptance tests, the use of a hedonic scale, mostly the 9-point scale, is common. 
This scale is also known as a degree-of-liking scale, and spans from “like extremely” 
to “dislike extremely”. The samples are served one at a time, and should be rated 
along the scale. For children over the age of 4–5, alternative scales with “smiley” 
faces with different expressions have been developed [58]. 

 

 

2.4 Taste – texture relations in food 
The exact relation between texture and taste is today still not known, but important factors 
were identified already 20 years ago, and the general findings about food texture and taste 
known by then are summarized by Izutsu and Wani [64]. They concluded that primary 
determinants for acceptance or rejection of foods are appearance, colour, taste, temperature 
and texture, where an interesting example is that darker solutions were ranked 2–10 % 
sweeter than lighter references when the actual sucrose concentration was 1 % less [65]! 
Texture is related to the overall physical properties perceived by eyes, fingers or mouth during 
mastication. When eating, saliva is secreted and mixed with the food and this will change the 
physical properties of the food. Food texture can be divided into three classes, correlated to 
physical properties of foods; “thickness”, associated with viscous force, “smoothness”, 
associated with frictional force and “slipperiness” associated with a combination of viscous 
and frictional forces [66].  
 
It has been shown that the relationship between texture and taste is harder to elucidate for gels 
than for liquids. For liquid systems, it is generally believed that higher viscosities induce 
lower taste intensities and that this relation follows a power law [67-69]. For gelled systems, 
no single parameter has been possible to establish for correlations of taste and texture. Many 
hydrocolloid solutions exhibit a shear thinning behaviour, which is a viscosity drop upon 
increased shear rates. When comparing two solutions, the one that is more shear thinning is 
often perceived as sweeter, probably because the masking effect from the hydrocolloids is 
reduced when viscosity drops.  
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Taste perception from a food matrix is dependent on the release of taste molecules from the 
matrix and the transport of those to the taste buds. Release from the food matrix depends on 
the type of matrix built up within the food piece and how this matrix breaks down. For a 
melting gel, like gelatin, the whole matrix structure is destroyed during melting and thus, the 
taste molecules are more or less totally released, unless there are any chemical interactions 
between the matrix and taste molecules. For a matrix that has to mechanically break down, the 
release mechanism is not as simple. Depending on how the breakdown occurs, several 
opportunities arise. Assuming that the taste molecules are evenly distributed within the 
matrix, the breakdown leads to new surfaces for taste leakage. This in turn will disrupt the 
equilibrium in the matrix and enhance transportation of taste molecules to the surface, which 
is governed by the diffusion in the matrix. A matrix with a stiff and close network will lead to 
low diffusion and, probably, less taste than a matrix where the network is very open and 
diffusion can be high. An emulsion, with its small droplets inside often has the taste 
molecules in those droplets and taste is influenced different depending of how the fracture 
goes; a fracture through the droplets will quickly release the taste molecules, but a fracture 
between the droplets will give a slow release. Other structures might have high local 
concentrations of the taste molecules and the same occurrence as for an emulsion arises.  
 
The transport of taste molecules to the taste buds usually takes place without problems and 
when the taste molecules have reached the taste buds, rapid chemical reactions occur between 
the taste molecules and the taste bud. The critical step in taste recognition is the diffusion of 
taste molecules from inside of a food matrix to its surface.  
 
It has been shown that threshold values for tastes vary between the different aggregation 
states a food can have. For a liquid, the threshold values will be lower than for a gel, and 
foams give intermediate threshold values [70]. This is probably related to lower diffusion in 
gels.  
 
To conclude; not only taste molecule concentration, distribution and transport influence the 
perception of a food, but also the physical state of the food is very important. The reason for 
this is our tactile sense. In our mouths, we do not only have receptors for taste, but also for 
physical contacts. In the brain, the responses from those receptors are combined with the 
response from the taste receptors, giving an overall perception of the food. Exact how this co-
interpretation of taste and touch works is, however, not yet totally understood.  
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3. SWEETNESS IN FOODS  
A study of research about sweetness and texture from the last 50 years show a clear trend; 
research relating sweetness (and the other basic tastes) and texture (mostly viscosity) was 
most intense from the mid 60’s to the late 70’s. After that, reported taste research was sparse, 
until the mid 90’s when it was resumed. However, from this time and up to date, research has 
been more focused on connections between certain textural properties and flavours and its 
components, often small volatile molecules, where sweetness intensity sometimes also is 
investigated, but more as a side issue. 
 
Older studies suffer from a couple of drawbacks concerning comparisons of results and 
conclusions between research groups. The main reasons are differences in experimental 
design and the fact that many measurements were performed without exact control over the 
interesting parameters. Many authors report of different problems, Izutsu and Wani (1985) 
have given the most extended version of the experimental problems [64];  
(a) viscosity measurements of thickened solutions are inadequate,  
(b) the viscosity change imparted by a taste substance is neglected,  
(c) the fact that different sample volumes are chosen when solution thicknesses differ, is 
neglected,  
(d) viscosity measurements are not performed at mouth temperature,  
(e) the viscosity levels tested are too narrow,  
(f) no consideration of un-wanted off-flavours from the gums,  
(g) different sensory techniques have been used and  
(h) possible physico-chemical interactions between the taste substance and the gum are not 
considered. 
 
The viscosity ranges, shear rates, and temperatures used for measurements also differ; many 
studies have measured at believed mouth shear rates, usually around 50 s-1 [71] and at mouth 
temperature of 36° C or at room temperature (22-24° C) . However, it has been stated that the 
shear rate depends on hardness and physical state of the food and can vary from 10 s-1 to  
1000 s-1, where high-viscosity fluids are sheared slowly and the exact shear rate depends on 
the flow characteristics of the food [72] and that mouth temperature is only 27° C [73]. 
 
In a study by Schiffman and co-workers from 2000 the influence from temperature, pH and 
presence of ions on sweet taste of sucrose-water solutions was investigated. They concluded 
that solutions with low sucrose concentration (2.5 %) were perceived slightly sweeter at 
increased temperatures, but solutions with higher sucrose concentrations (7.5 – 10 %) were 
perceived less sweet at higher temperatures. A statistical analysis revealed small, but 
statistically significant effects. Neither pH change values in the range 3 to 7 nor the presence 
of ions did affect sweetness in those solutions [27]. 
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3.1 Texture in sweet taste perception 
Physical and mechanical properties of gels are well known to be important for sweetness 
perception, but other factors are also important and the exact correlation to sweetness 
intensity is for many of them still not revealed. Older studies regarding sweetness and texture 
were mostly performed with thickened liquid systems, but a number of studies have also used 
solid systems.  
 
Mackey and Valassi [70] investigated how threshold values for sweetness varied between 
liquids, foams and gels prepared from tomato juice and milk-egg-custard and showed that 
thresholds were lowest in liquids and foams and highest in gels. 
 
A potential problem when investigating sweetness in thickened solutions is the fact that 
sucrose is a bulk sweetener, i.e. often is added in quite large amounts, something that 
probably induce increased viscosities. This is an important factor to consider when calculating 
the addition of thickener and sucrose for a given final viscosity and sucrose content. In a study 
with guar gum and sucrose [74] the sugar-induced increase in viscosity was investigated and 
it was found that addition of 24 % sucrose to 2 % guar almost doubled the viscosity compared 
to only 2 % guar, which is shown in figure 9. 
 
 

     

 

 
Figure 9. Addition of sucrose and gum enhanced viscosity  
compared to only gum addition [74]. 

 

3.1.1 Viscosity  
In general, higher viscosities in liquids will give lower taste intensities, which have been 
shown in a series of studies using different thickeners [67, 68, 70, 74-77]. Older studies often 
used carboxymethylcellulose (CMC) as model system and figure 10 shows how sweetness 
varied for three different sucrose levels at three different viscosities from CMC of medium 
viscosity (CMC-M). It is obvious that an increased viscosity decreased the perceived 
sweetness and that, at those low sucrose concentrations, the decrease is linear with increased 
viscosity [67]. 
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Figure 10. Sweetness from CMC-M solutions at 
three viscosities and three different sucrose levels 
[67].

 
Kokini and co-workers [77] used tomato solids to increase viscosity in a liquid and showed 
that increasing amounts of tomato solids (increased viscosity) decreased sweetness perception 
in liquids sweetened with sucrose or fructose, illustrated in figure 11. 
 
 
 

     

 

   
 
Figure 11. Sweetness perception from sucrose and fructose as a function of the  
amount tomato solids [77]. 

 

3.1.1.1 Thickener type 
It is not only viscosity that will decide sweetness in a thickened solution, but also thickener 
type. Christensen [76] showed that equally viscous solutions prepared with different amounts 
of carboxymethylcelluloses (low-, medium-, and high-viscosity CMC) were not perceived 
equally sweet. This is illustrated in figure 12, where sweetness is related to viscosity in the 
three solutions. As could be concluded from the graphs, sweetness was lower in solutions 
with CMC-H than in CMC-L at the same viscosities. This is presumable related to the 
structure; CMC-H has longer polymer chains, which possibly negatively affects the 
movements of taste molecules in the matrix. Also sweetness in apple juice was dependent of 
both viscosity and thickener type (CMC, xanthan and pectin) and an increased viscosity 
tended to decrease sourness and cooked apple odour, but each thickener also had specific 
effects, like pectin that enhanced cereal odour, suppressed honey odour and flavour and lemon 
flavour compared to CMC and xanthan [78].  
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Figure 12. Effects of CMC-L, CMC-M, and CMC-H-thickened solutions on perceived sweetness. To produce 
solutions with the same viscosities, about three times as much CMC-L as CMC-H had to be used [76]. 
 
 
Another possible explanation for the decreased sweetness intensity upon thickener addition is 
the effect on the free water available in solution. As thickener concentration increases, the 
free water volume is decreased, leading to lower water activity, lower water mobility and 
consequently lower sweetness intensity because of decreased transport of the water soluble 
sweet taste molecules to the receptors in the mouth [79, 80]. 
 
For a total food sensation, the intensity, but also duration of sweetness is an important factor. 
Contradictory to other results, Stone and Oliver [81] reported how a more viscous solution 
was ranked sweeter. This solution also had a slower sweetness compared to the less viscous 
one [81]. It is probable that a thickened solution affects the mouthfeel of a substance and, 
thus, its taste and flavour perception [79] which has been confirmed by more resent research 
[82, 83]. Many hydrocolloid solutions exhibit a shear thinning behaviour, which means that 
viscosity will decrease when shear rates are increased. A solution which is more shear 
thinning is often perceived as sweeter, probably due to the lowered masking effect from the 
hydrocolloids when viscosity drops. Viscosity drop will affect the mouthfeel and, as stated 
above, the sweet taste of a solution [81, 84]. Figure 13 and table 2 show how the cornstarch 
solution with largest viscosity drop is perceived sweeter than solutions from the other 
thickeners.  
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Figure 13. Cornstarch solutions whose viscosities drop most at increased shear rates, are perceived sweetest [84]. 
 
 
 
Table 2 
Apparent sweetness of gums [84]. 
 
Sucrose 

level 
Hydrocolloid 

Series                     X 
Confidence 

intervals 
Interpretation 

3.5 % Cornstarch       Guar 
                         CMC 
Guar                 Cornstarch 
                         CMC 
CMC                Cornstarch 
                         Guar 

3.05, 3.35 
3.59, 4.15 
4.22, 4.60 
3.81, 4.15 
4.26, 4.84 
3.43, 3.89 

Constarch seems sweeter than guar 
Constarch seems less sweet than CMC1 
Guar seems less sweet than cornstarch 
Guar seems less sweet than CMC1 

CMC seems less sweet than cornstarch 
CMC seems equal to guar 

4.5 % Cornstarch       Guar 
                         CMC 
Guar                 Cornstarch 
                         CMC 
CMC                Cornstarch 
                         Guar 

3.79, 4.17 
3.88, 4.36 
4.69, 4.91 
4.60, 4.90 
4.46, 5.00 
4.02, 4.56 

Constarch seems sweeter than guar 
Constarch seems sweeter than CMC 
Guar seems less sweet than cornstarch 
Guar seems less sweet than CMC1 

CMC seems equal to cornstarch 
CMC seems equal to guar 

 

1These relationships are exceptions from the general trend 

3.1.1.2 Below and above c* 
Several studies [85-87] have investigated how sweetness and flavour perception change as 
concentration of the added thickener exceeds c*, the critical coil overlap concentration. At 
this concentration, the polymer chains of the thickener start to overlap and entangle with each 
other, which gives an abrupt increase in viscosity. When trying to predict perceived taste and 
flavour from a thickened solution, the important quota has been shown to c/c*, where c* is the 
critical coil overlap concentration and c is the actual thickener concentration [85].   
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As figure 14 (a) shows, both taste and flavour were reduced for concentrations above c* (here 
shown as c/c*) and it has been proposed that the changes arise because of inefficient mixing. 
Figure 14 (b) shows the rapid increase in viscosity as c* was exceeded. 
 

         
  
Figure 14. Viscosity and sweetness intensity in viscous solutions below and above c*. (a) sweetness from guar, 
HPMC and carrageenan as a function of c/c* [88] and (b) rapid increase in viscosity as guar concentration 
exceeds c* [89]. 

3.1.2 Gel strength  
Sweetness has been investigated in gels from κ-carrageenan, alginate and agar [90], and it was 
found that sweetness was more suppressed in κ-carrageenan than in alginate or agar when 
hydrocolloid concentration was increased [90]. The authors concluded that the panel’s 
perception of firmness, smoothness, flavour and sweetness correlated well with gel strength, 
but the perception also depended on the gelling agent. For gels with the same gel strength or 
shear modulus, the ones prepared from alginate were perceived as firmer and less sweet than 
gels prepared from κ-carrageenan. The gels prepared from agar were judged between alginate 
and agar [90]. Figure 15 shows firmness and sweetness in gels with different rupture 
strengths. 
 
 
     (a)             (b) 

            
 
Figure 15. Sensory characteristics plotted against rupture strength for gels from alginate (∆), agar (◊) and 
carrageenan (□). (a) firmness and (b) sweetness [90]. 
 
 
Other studies comparing gels of different strengths prepared from different thickeners showed 
that softer gels (5–8 N) of κ-carrageenan and gellan were ranked sweeter than medium  
(11–15 N) or hard gels (17–24 N) from the same thickener [91]. Gel strength was measured in 
compression tests and hardness was defined as maximum rupture force. A possible 
explanation for a more intense sweetness in softer gels could be higher diffusion constants in 

(b) c*
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those, even though a direct relation between gel strength and sweetness has not been possible 
to prove [37]. When comparing κ-carrageenan and gellan gels of corresponding hardness, the 
gellan gels were judged sweeter [91], as shown in table 3. 
 
Table 3 
Sweetness in carrageenan and gellan gels of different strengths, from paired comparison tests. The numbers 
indicate how many of the panellists that has given a gel the “higher taste intensity”  
(a) comparison of sweetness between gels from the same thickener and (b) comparison between gels from 
different thickeners, but with the same gel strength [91].   
(a) 
 
Hydrocolloid Taste L-M L-H M-H 
Carrageenan Sweet 16-4* 16-4* 12-8 

Gellan Sweet 17-3* 18-2* 12-8 
 
Gels of low (L), medium (M) and high (H) strength. 
*Significant differences (α < 0.05). 

(b) 
 
Taste LC-LG MC-MG HC-HG 
Sweet 6-14 5-15* 5-15* 
 
Carrageenan gels of low (LC), medium (MC) and high (HC) 
strength and gellan gels of low (LG), medium (MG) and high 
(HG) strength 
*Significant differences (α < 0.05). 

 
 
Sucrose concentration in the diffusion medium was measured and higher concentrations of 
sucrose was found around the carrageenan gels, which indicated higher diffusion constants in 
those gels, a finding contradictory to the fact that gellan gels were perceived sweeter. 
However, the higher sucrose concentrations around carrageenan gels were probably related to 
the melting properties of carrageenan gels, as experiments were performed at a temperature 
(37° C) close to the melting point (40 – 45° C) of carrageenan. Harder or more brittle gels, 
like gellan, do not melt, but break down during mastication and the rate of breakdown is the 
determining factor for taste and flavour release [37].  
 
However, gel strength is not the only gel property determining gel sweetness, as the sweetness 
in different carrageenans then should have been ranked λ-<ΐ- ~mix-<κ-carrageenan, which 
was not the case in a study by Lethuaut and co-workers, giving the ranking ΐ - ~ mix- < κ- ~ λ-
carrageenan [92]. The perceived texture attributes firmness, springiness and unctuousness 
increased with increasing amount sucrose, something valid also for the textural parameters 
strength of fraction (Sfract), work of fraction (Wfract) and total work (Wtotal) However, more 
decisive for those properties was carrageenan type. The sweetest gels were the most unctuous 
(λ-carrageenan) and the least sweet was the springiest (ΐ-carrageenan) gel. Sweetness in ΐ- and 
κ- carrageenan followed a linear law in comparison to λ-carrageenan and the mix where 
sweetness followed a power law, illustrated in figure 16.  
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Figure 16. Variation of sweetness perception as a function of sucrose concentration and carrageenan type (-■-: κ-
carrageenan, -●-: ΐ-carrageenan -∆-: λ-carrageenan, -◊-: mixture of carrageenans) [92]. 
 
 
 
Yet another study comparing sweetness from κ-carrageenan and gellan gum gels showed that 
gellan gels were ranked sweeter and that the most important mechanical parameter was the 
true rupture strain [93]. κ-carrageenan formed hard and brittle gels and gellan formed gels that 
were firm and more brittle than κ-carrageenan gels already at low concentrations. The gels 
were characterized from compression tests and from the curves of force versus 
time/deformation, true rupture stress, true rupture strain and modulus of deformability were 
calculated according to given formulas (see [93]). Sucrose diffusion was similar in gellan gels 
of low (3 g/l) and high (9 g/l) gellan concentrations, but for the κ-carrageenan gels, diffusion 
was lower in gels of low concentration. When comparing the different hydrocolloids, it was 
shown that soft gellan gels were clearly sweeter than soft κ-carrageenan gels, but for hard gels 
the difference was much lower, this is shown in figure 17. Gellan gels are more brittle, have a 
lower strain at rupture and form gels that easily disintegrate upon mastication. The fast 
disintegration gives a quick release of water and sugar, enhancing transport to taste receptors 
and gives a higher sweetness intensity. From those measurements, the authors could derive a 
model for sweetness (S) related to sucrose concentration (X1), true rupture strain (X3) and 
modulus of deformation (X4): 
              
             S = 41.31 + 0.35X1 – 66.85X3 – 85.42X4 
 

          
 

Figure 17. Sweetness intensity values of gels at different sucrose concentrations  
( : 100 and : 150 g/l) [93]. 

 



 

 32

Boland and co-workers [94] compared sweetness from pectin and gelatin gels of different 
rigidity (strength), a property directly related to Young’s modulus of elasticity [6]. In analogy 
to earlier studies, Boland et al. [94] concluded that low rigidity gels were perceived sweetest. 
When comparing gels with the same texture made of pectin or gelatin, the gelatin gels were 
perceived slightly sweeter, which is shown in table 4. Table 4 also shows that the perceived 
thickness was inversely correlated to sweetness, which is to be expected, presumable due to 
lower mass transfer within more rigid, and thicker, gels.  
 
Table 4 
Effect of gel texture and type on perceived sweetness and thickness intensity for pectin and gelatin gels 
evaluated by sensory analysis [94]. 

 
Attribute Gelatin gels 

Low    Medium    High 
Pectin gels 

Low    Medium    High 
Sweetness 169a       140ab      113b 156a       120b       107b 
Thickness   82c        134b       236a  76c        126b       383a 

 
a-c values with different superscripts within a row are significantly different, MANOVA  
and LSD tests, P<0.05. 
No values are significantly different in pectin gels compared to gelatin gels of identical  
rigidity, Student’s t test, P<0.05. 
 

3.1.3 Texture and mouthfeel  
Sweetness of the artificial sweetener Na-sucaryl was clearly affected by different texture 
properties in gels from the five hydrocolloids carrageenan, cornstarch, pectin, agar and gelatin 
[95]. The authors concluded that, with the same Na-sucaryl concentration, carrageenan gels 
were always ranked sweetest and cornstarch always ranked the least sweet. Texture 
characteristics differed between the more sweet gels and the others, where sweeter gels were 
slightly less hard, less cohesive, less elastic, less chewy and less gummy, see table 5 [95]. 
These findings were confirmed by a recent study mentioned above, where harder gels were 
ranked less sweet than their softer counterparts [94].  
 
Table 5 
Mean texturometer* and sweetness** values from Na-sucaryl in gels [95]. 
 

Parameter Carra LMP Agar Gelatin CS Standard error 
Hardness (gm) 1978a b 1769b 1851b 2408a 2150a b 2.758*** 

Cohesiveness 0.208b 0.214b 0.176b 0.867a 0.791a 0.02 

Springiness (mm) 2.825b 1.450c 1.775c 4.200a 4.432a 0.124 

Chewiness 29.570b 17.576b 16.309b 218.051a 206.995a 12.536 

Gumminess 10.32c 9.50c 8.28c 51.34a 41.95b 1.221 

Sweetness 
(lowest score-sweetest) 

4.64a 5.43a b 6.54b 5.82b 7.57c 0.232 

 
* mean of 40 observations/treatments (10 x 4 reps.) 
** mean of 28 observations/treatments; lowest score = sweetest 
*** based on analysis of raw data, mm/V. 
a, b, c numbers in the same row bearing different superscripts are significantly different based on Tukey’s hsd test (Steel and Torrie, 1960; 
P<0.05 for hardness, P<0.01 for all other parameters. 
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However, the measured texture properties only accounted for about 50 % of the perceived 
sweetness, why others, not identified mouthfeel factors must influence the perception of 
sweetness [95]. A hypothesis for sweetness differences from those five particular 
hydrocolloids was derived, where taste differences were related to differences in gelling 
mechanisms; the less sweet gels, gelatin, cornstarch and agar, form gels through hydrogen 
bonding and the sweeter gels, carrageenan and pectin, gelate through ionic bonds. If the AH-B 
theory proposed from Shallenberger and Acre [44] is valid for sweetness perception, 
hydrogen bonding systems possibly include the sweet compound in its structure, thus making 
it less available for the taste buds. Another possibility is that the hydrogen bonding gels 
themselves can bind to the taste receptors and block them from the sweet compounds [95].  
 
Newer research focused on correlation between physical parameters and the mouthfeel of 
liquid food [96]. Cussler et al. [96] concluded that the assessed smoothness was closely 
correlated to the reciprocal of the friction force and that thickness was correlated to viscous 
forces, but that creaminess was impossible to explain by only a combination of the two 
former. There were several physical measurable variables, such as s: shear strength of tongue-
mouth contacts, E: Young’s modulus of the tongue, W: load or force with which the tongue is 
pressed upwards, l: the average distance between tongue-mouth contacts and d: the average 
size of those contacts. Still, even with the variables identified no model for which variables to 
use in which case could be found [96]. Sweet taste is thought to be assessed from very rapid 
chemical reactions on the tongue and the limiting step is often the transport of sweet tasting 
compounds to the tongue. This mass transport is related to the flux of molecules, which 
depends on diffusion of taste molecules in the food piece [96]. However, in many 
hydrocolloid systems diffusion is not easy to derive because those systems are not believed to 
follow general rules for diffusion, e.g. Stoke-Einstein and Wilke-Chang. The discrepancy 
from diffusion rules follows because the viscosity is acquired from very low amounts of 
hydrocolloids [97], letting still around 99 % of the matrix to be water [98]. 
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3.2 A starch model system for enhanced sweetness 
Research aimed to find model systems where sweetness could possibly be controlled and 
perhaps enhanced have been performed. A successful model system was shown to be soluble 
starch, which is starch that has been treated with acid without substantially changing the 
granular form [99]. This soluble starch can be expected to exhibit higher cold- to hot-paste 
viscosity, higher osmotic pressure and increased solubility at temperatures just below the 
gelatinization temperature [100]. In this system, sweetness intensity in starch-distilled water 
solutions with sucrose was increased at increasing amounts of starch when sucrose 
concentration was 0.1 M. For 0.3 and 1.0 M sucrose, sweetness increased, decreased and 
increased again upon increasing amounts of soluble starch, as can be seen in figure 18. 
Soluble starch is not sweet itself, but somehow probably molecularly interact with sucrose, 
because enhanced sweetness was not seen for fructose or saccharin. The proposed mechanism 
for the enhanced sweetness from the soluble starch was derived from the AH-B -theory for 
sweetness stated by Shallenberger and Acree in 1967 [44] with the addition of extra binding 
site (X) from Kier [45]. In Kier’s model, this extra binding site is not necessary for sweetness, 
but a binding to X gives enhanced taste intensity, and the soluble starch was believed bind to 
this X [99]. 
 

 
 
Figure 18. Enhancement of sweetness from soluble starch and sucrose level of 0.1 M. For sucrose levels of 0.3, 
sweetness was enhanced at lower starch levels, decreased, increased, and finally decreased again when starch 
concentration increased. For 1.0 M, sweetness increased, decreased, and increased again at starch  
levels > 0.5 % [99]. 
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3.3 Sweetness research in summary 

Author (year) Model system Investigated Results 

Mackey and 
Valassi (1956) [70] 

Tomato juice 
Milk-egg-custard 

Taste thresholds in 
liquid, foam and gel 

Sweet taste had lowest thresholds in 
liquid and highest in gel.  

Stone and Oliver 
(1966) [81] 

Cornstarch, Gum 
Traganth 
Carboxymethyl 
cellulose (CMC), 
Methyl cellulose 

Tried to correlate 
mouthfeel, degree of 
sliminess and viscosity 

A more viscous solution was ranked 
sweeter, but a decreased sensitivity at 
higher viscosity. 
Ranked sweetness: water, cornstarch, 
cellulose. 

Vaisey, Brunon and 
Cooper (1969) [84] 

Cornstarch, CMC, 
Guar  
 

Mouthfeel related to 
viscosities at different 
shear rates. 
Sweetness – viscosity 

Cornstarch thinned more at lower 
shear rates when sucrose 
concentration was increased. 
Sweetness “faster” in cornstarch and 
CMC. 
More thinning gave more sweetness. 

Stone and Oliver 
(1969) [101] 

Water Relative sweetness 
between different 
sweeteners. 

40 %: fructose sweeter than sucrose 
5 %  : sucrose sweeter than fructose 
Sweeteners often have unwanted off-
flavours 

Moskowitz and 
Arabie 
(1970) [68] 

Na-CMC Viscosity – sweetness 
(from glucose) 

More viscous → less sweet, 
following a power function:  
S = k V-n, n (glucose) ≈ - 1.3 

Marshall and 
Vaisey 
(1972) [95] 

Carrageenan, 
Cornstarch 
LM Pectin, Agar, 
Gelatin 

Perceived sweetness 
from the artificial 
sweetener Na-Sucaryl 

Sweeter gels were less cohesive, less 
elastic, less chewy and less gummy. 
Carrageenan was sweetest and 
cornstarch least sweet.  

Pangborn, Trabue 
and Szczesniak 
(1973) [102] 

CMC-L (low 
viscosity), CMC-M 
(medium visc.) 
Hydroxypropyl 
cellulose (HPC), Na-
alginate, Xanthan 

Effects of low 
concentration of 
hydrocolloids on taste. 
 

Increased hydrocolloid concentration 
increased instrumental and sensed 
viscosity. Sucrose addition increased 
viscosity for all hydrocolloids. 
Presence of hydrocolloids decreased 
sweetness. 

Larson-Powers and 
Pangborn  
(1978) [103] 

Gelatin, Beverages Relative sweetness 
between sucrose and 
artificial sweeteners 

Identified “eqi-sweet” 
concentrations. 
Aspartame was very similar to 
sucrose, but gelatin gels with sucrose 
were harder and broke down more 
slowly. 

Larson-Powers and 
Pangborn 
(1978) [104] 

Gelatin, Beverages Anchored vs. 
unanchored methods for 
sensory evaluations of 
sweetness in sucrose 
and artificial sweeteners 

Beverages sweetened with aspartame 
were more like sucrose beverages 
than saccharin-sweetened ones. 
Gelatin gels with artificial 
sweeteners gave less strawberry taste 
than sucrose gelatin gels.  

Paulus and Haas 
(1980) [105] 

Methyl cellulose, 
Guar seed flour, 
Carob seed flour, 
Tara seed flour 

Taste stimuli and 
threshold values for 
sweetness  

Increased viscosity with increased 
hydrocolloid concentration. 
Tendency for increased stimulus and 
threshold values with increased 
viscosity.  

Christensen  
(1980) [76] 

CMC-L, CMC-M, 
CMC-H 

Sweetness of sucrose 
related to viscosity. 
Saltiness in solutions of 
different CMC:s, but 
same viscosity. 

For the highest viscosities, taste was 
decreased only for the lowest sucrose 
concentrations. Saltiness was 
perceived least intense in solutions 
prepared by CMC-H and most 
intense in CMC-L solutions. 
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Izutsu, Taneya, 
Kikuchi and Sone 
(1981) [67] 

CMC-L, CMC-M, 
CMC-H 

1: Sweetness in different 
viscosities with constant 
sucrose/water conc. 
2: Sweetness in 
solutions of different 
CMC:s.  

1: Sweetness follows  
S = k Vn, k=-0.08. 
2: Sweetness was perceived equally 
intense in solutions with the same 
viscosity even though the amount 
CMC differed. Sweetness could be 
predicted from a flow diagram. 

Pangborn and 
Koyasako (1981) 
[106] 

Chocolate pudding 
Chocolate crème 

Time-intensity of 
sweetness, oral viscosity 
and chocolate flavour. 

Viscosity was higher in the pudding 
and the crème was sweeter. The 
duration of sweetness was the same 
for both systems.  

Launay and 
Pasquet 
(1982) [74] 

Guar Effect on viscosity from 
sucrose addition and 
viscosity influence on 
sweetness 

Sucrose addition led to an increased 
viscosity. For two equal sucrose 
concentrations, the thickened solution 
was less sweet (about 25 % lower). 

Kokini, Bistany, 
Poole and Stier 
(1982) [77] 

Solutions with tomato 
solids 

Sweetness from sucrose 
and fructose in water 
solutions with varying 
amounts of tomato 
solids 

More tomato solids increased 
viscosity and decreased sweetness 
when sugar concentration was held 
constant. Not only viscosity, but also 
structure affected perceived 
sweetness.  

Wilson, Richter  
and Dill 
(1983) [69] 

Unflavoured yoghurt Sweetness in solutions 
of varying sucrose 
concentrations. 

The sweetness could be predicted with 
S= n log C + log k, n=(slope)=1.25 
and k=1.37. n>1 = sweetness 
increased more than linear.  

Chai, Oakenfull, 
McBride and Lane 
(1991) [90] 
 

Alginate, κ-
carrageenan 
Agar 

Structure and sweetness 
in gels with constant 
concentration of 
sucrose, but varying 
concentration of gelling 
agent. 

Smoothness and sweetness decreased, 
and firmness increased with higher gel 
rupture strength. Firmness was greater 
in alginate than in κ-carrageenan of 
same shear modulus, but sweetness 
and smoothness were greater in κ-
carrageenan. 

Mälkki, Heiniö and 
Autio 
(1993) [73] 

Oat gum, Guar gum, 
CMC 

Effect on sweetness and 
taste upon addition of 
hydrocolloids. 
 

Sweetness intensity was highest in oat 
gum and lowest in guar gum. For 
solution within a gum, the ones with 
lower viscosity were ranked sweeter. 

Schiffman, Sattely-
Miller, Graham, 
Bennett, Booth, 
Desai and Bishay 
(2000) [27] 

Deionized water Effect on sweetness of 
(1) temperature, (2) pH 
and (3) ions 

Sweetness at low sucrose (2.5%) was 
slightly increased at increased 
temperature. For higher sucrose (7.5-
10 %), sweetness was lowered with 
increased temperature. A pH between 
3 and 7 or presence of ions did not 
influence sweetness. 

Costell, Peyrolon 
and Durán (2000) 
[91] 
 

Carrageenan, Gellan 
gum 

Perceived sweetness 
from sucrose in gel 
differing in type of 
hydrocolloid and 
texture. 

The perceived sweetness was greater 
in low strength carrageenan and gellan 
gum gels than medium or hard gels of 
the same type. Medium and hard 
gellan gels were sweeter than 
carrageenan gels of the same strength. 

Bayarrí, Rivas, 
Costell and Durán 
(2001) [37] 

κ-carrageenan, Gellan 
gum 

Diffusion constants (D) 
at mouth temperature for 
sucrose in gels of 
different textures. 

Diffusion was influenced by 
concentration of hydrocolloid, but also 
by the type of hydrocolloid. The 
calculated D was generally higher in 
κ-carrageenan than gellan gum, 
especially for the soft κ-carrageenan 
gels.  

Cook, Hollowood, 
Linforth and Taylor 
(2002) [88] 

HPMC, Guar gum 
λ-carrageenan 

Sweetness intensity 
below and above c* 

Sweetness of sucrose, aspartame and 
fructose was reduced when 
concentration of hydrocolloids > c*.  
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Kanemaru, Harada 
and Kasahara 
(2002) [99] 

Soluble (acid-
modified) starch from 
different companies 

An assessment of 
sweetness enhancement 
from soluble starch 
compared to distilled 
water. 

Sweetness intensity of 0.1 M sucrose 
increased with increasing amount 
starch in distilled water solutions. For 
0.3 and 1.0 M sucrose, sweetness first 
increased, then decreased and then 
increased again with increased starch 
addition  

Hollowood, 
Linforth and Taylor 
(2002) [79] 

HPMC Perceived sweetness in 
thickened solution.  

Sweetness and how perceived 
sweetness varied with sucrose 
concentration depended on the 
concentration of HPMC and also, 
relationship between sweetness and 
HPMC was dependent on sucrose 
level.  

Cook, Hollowood, 
Linforth and Taylor 
(2003) [89] 

Guar gum, λ-
carrageenan 
Hydroxypropylmethyl 
cellulose (HPMC) 

Perceived sweetness in 
different viscosities. 

Perceived sweetness decreased with 
increased hydrocolloid concentration, 
with a rapid decline above c*.  

Lethuaut, Brossard, 
Rousseau, 
Bousseau and 
Genot (2003) [92] 

λ-carrageenan 
κ-carrageenan 
ΐ-carrageenan 

Sweetness from sucrose 
in gels of varying 
textures prepared from 
the different 
carrageeenans or a mix 
of them. 

The type and composition of the gels 
influenced sweetness perception, but 
only when sweetness intensity was 
strong (corresponding to sucrose 
concentrations of 50 or 100 g/kg). 
When sucrose concentration was high, 
λ-carrageenan (the most unctuous) 
was sweetest and ΐ-carrageenan (the 
springiest) was the least sweet.  

Bayarrí, Durán and 
Costell (2003) [93] 

Gellan gum, κ-
carrageenan 

Effect of hydrocolloid 
type and concentration 
and sucrose concentra-
tion on gel resistance to 
compression, diffusion 
of sucrose and 
sweetness intensity.  

Diffusion constants (D) were higher in 
κ-carrageenan for low concentrations 
(3 g/l), but higher in gellan for higher 
concentrations (9 g/l). Not only 
sucrose concentration, but also 
hydrocolloid type and concentration 
influenced sweetness and gellan gels 
were generally perceived as sweeter.  

van Ruth, De Witte 
and Uriarte (2004) 
[107] 

Custard with: CMC-
L,  
CMC-M, CMC-H 

Sweetness from sucrose 
was evaluated in 
custards from different 
types of CMC and in 
varying concentrations. 

Thickness perception of the custards 
was well correlated to their viscosity. 
Firmer custards were perceived 
thicker as and less sweet than the low-
viscosity custards. Removal of sucrose 
only influenced sweetness perception; 
the other attributes remained the same. 

Lethuaut, Brossard, 
Meynier, Rousseau, 
Llamas, Bousseau 
and Genot (2005) 
[83] 

λ-carrageenan 
κ-carrageenan 
ΐ-carrageenan 

Sweetness perception in 
model dairy desserts 

Sweetness is dependent on sucrose 
concentration and carrageenan type;  
λ-carrageenan was sweeter than  
ΐ-carrageenan.  

Boland, Delahunty 
and van Ruth 
(2006) [94] 

Gelatin, Pectin Influence of texture of 
gelatine and pectin gels 
on sweetness and 
flavour.  

Gelatin gels were slightly sweeter for 
the same texture. Texture was 
characterized by Young’s modulus of 
elasticity (E) and it was shown that 
low rigidity gels were perceived 
sweeter than high rigidity gels.  
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4. FLAVOUR IN FOODS 
Sweetness in different gel systems can be assumed to decrease with increased viscosity, even 
if the mechanism behind this decrease is not fully understood. For flavours (volatiles) no 
similar conclusion for different gel systems can be made. Viscosity is important, but not the 
only determinant for flavour perception. Besides, during mastication, the importance of 
viscosity is reduced [20]. The majority of studies about flavour release conclude that gel 
influence on flavour release is very dependent on the specific volatile/hydrocolloid 
combination. This gets particularly clear as gels with the same viscosity show different 
flavour release [108]. Not only can volatiles stay trapped in the matrix giving reduced 
diffusion, they can also chemically interact with it [109-113]. 
 
It has been demonstrated that more volatile and hydrophobic flavour substances were more 
retained in a pectin matrix when pectin concentration was increased [94, 114]. The given 
explanation was that an increased pectin concentration resulted in a more non-polar matrix, 
thus more interactions between the matrix and hydrophobic volatiles occurred [94]. However, 
any molecular interactions between the volatile and pectin matrix could not be identified, why 
it was concluded that the most important cause of aroma retention was hindered migration of 
flavour substances in that matrix [114]. Others report of similar effects for other volatiles and 
gel matrices. In 1987, Baines and Morris [85] concluded that a larger decrease in flavour 
release could be noticed as concentration of the hydrocolloid exceeded c*, the critical coil 
overlap concentration, illustrated in figure 19. Following their results, more resent work came 
to the same conclusions [88, 115-118]. 
 

         
 
Figure 19. Concentration dependence of perceived thickness (●), flavour intensity (▲), and sweetness (■) for 
thickened solutions [85].  
 
Several mechanisms influence flavour retention, such as covalent bond formation, hydrogen 
bonding, hydrophobic interactions and formation of inclusion complexes [119-121]. The 
aroma release from a system is controlled by thermodynamic factors (volatility of the flavour 
substance) and kinetics factors (mass transport in the matrix) [21]. The main driving force for 
mass transfer is non-equilibrium, but there is also a built-in resistance to mass transfer in the 
microstructure and texture of the matrix. The mass transfer of volatiles from the liquid/solid 
phase to the gas phase is a requirement for any flavour perception, as the volatile substances 
much reach the olfactory receptors in the nose for perception. 

c*
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4.1 Texture in flavour release 
When comparing pectin and starch gels with different textures, the release of hydrophilic 
compounds was shown to be higher from pectin gels and the release of hydrophobic 
compounds was higher from starch gels [122]. Kälviäinen et al. [123] compared the texture 
attributes hardness, elasticity, shortness, adhesiveness and fracturability with flavour 
perception from pectin, gelatin, starch (type not specified) and pectin–starch gels and found 
that flavour release was quickest and most effective from pectin gels, followed by starch, with 
the weakest flavour from the gelatin gels. The authors concluded that the pectin gels with a 
weak and fragile gel structure break down more easily and give stronger and quicker flavour 
perception, in contrast to the cohesive starch and gelatin gels that will hold flavours more 
tightly. It was suggested that a fast breakdown of the gel matrix increases flavour perception 
as the masking effect from the hydrocolloids will be decreased or hindered. The diagrams 
over the different texture attributes and the PCA plot in figure 20 illustrate the possibility to 
identify whether covariance exist for some properties. When this is known, a better 
understanding about which texture attributes to change for inducing the wished changes in 
flavour perception is gained.  
 
 

 
 

       
 
Figure 20. Graphical illustration of textural properties of different gels. In the PCA plot (lower right), the texture 
properties have been combinated with taste and flavour perceptions to reveal how the different texture attributes 
influence taste and flavours [123]. 
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Other studies about gel characteristics showed that flavour perception from harder whey gels 
was decreased compared to softer whey gels [124] and that the mean intensity flavour in whey 
protein gels was higher in softer gels [125], shown in figure 21. The initial aroma release was 
also higher from a soft gel. As the same conclusions was drawn for sweetness from the 
artificial sweetener Na-sucaryl, where less hard, less cohesive, less chewy and less gummy 
gels were sweeter [95], a possible comparison between sweetness and flavour perception is 
identified. Other studies have shown that systems exhibiting the most shear thinning 
behaviour is perceived as the sweetest [84], which can be correlated to weak and fragile gels 
that are easily broken down to give a stronger flavour perception [123]. However, in most 
cases, sweetness perception is a more generic sensation than flavour, which is greatly affected 
by the specific flavouring – hydrocolloid combination. Flavour molecules often differ in 
volatility and hydrophobicity, but it could generally be said that non-polar and low-boiling 
flavour compounds are most affected by hydrocolloid addition [126]. Specifically, it has been 
shown that a more hydrophobic compound will experience a decreased release from a 
hydrophobic gel due to interactions between the compound and the gelling molecules. For 
example, this has been shown for xanthan, which is a hydrocolloid with a more distinct 
hydrophobic character compared to many other hydrocolloids. Xanthan consists of a cellulose 
backbone with ionized trisaccharide branches on every second residue and an ordered 
configuration of xanthan creates a hydrophobic interior that may ‘include’ flavour compounds 
[20]. The same phenomenon for flavour retardation may be valid for a hydrophilic flavour 
compound and a hydrophilic gel. 
 
 
 
(a)          (b) 
 

    
 
 
Figure 21. (a) Rheological profiles obtained by truncated cone penetrometer method for dairy desserts varying in 
sucrose level and (b) Averaged TI recordings of perceived flavour for dairy desserts varying in sucrose level  
(□, ∆, ○: 25g/kg; ■, ▲, ●: 100 g/kg) and in carrageenan type (□, ■: κ; ∆, ▲: ΐ; ○, ●: λ) [124]. 
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4.2 Heterogeneous model systems 
Different model systems can be designed, varying in type of hydrocolloid and/or in 
microstructure, where examples such as granular, emulsions or phase separated systems will 
modulate the flavour perception. 

4.2.1 Phase separated system 
Taylor et al. [127] used a phase separated system of the two naturally incompatible 
biopolymers gelatin and agarose for investigation of flavour release. Flavour release, as well 
as elastic modulus and melting temperature of the gels altered between different mixes of the 
polymers. A gel with two biopolymers may either form an interpenetrating network (one 
phase system) or a phase separated network (two-phase system). Properties and morphology 
of the two-phase system depends on the properties and the relative concentrations of the two 
biopolymers and examples of two gelatin-agarose gels are shown in figure 22. At a high 
gelatin concentration, the system can be considered as a gelatin network with small inclusions 
of agarose, but after the phase inversion point, a particular concentrations ratio 
[gelatin]/[agarose], the gel will be more similar to an agarose network with gelatin inclusions. 
The continuous phase will be dominant for the overall physical properties of the gel. In this 
case, the dominant polymer was gelatin before the phase inversion point and agarose 
afterwards.  
 
 

    

 

 
 
Figure 22. (a) Optical microscopy of a gel with (a) 7.5 % w/w gelatin, 0.25 % w/w agarose and 25 % w/w 
sucrose and (b) 7.5 % w/w gelatin, 0.75 % w/w agarose and 25 % w/w sucrose [127]. 
 
 
When studying flavour release from the gelatin-agarose two-phase gels it was concluded that 
for some flavourings, the release from the mixed systems was influenced from both gelatin 
and agarose. The release of volatiles seemed to be inversely related to its log P value, which is 
an index of the hydrophobicity/hydrophilicity. Volatiles with a high hydrophobic character 
have large log P values and generally show little persistence compared to volatiles with lower 
log P values. Figure 23 shows how flavour release varies with time for the different gels and 
volatiles, and it is clear that p-cymene with a high log P value is released much faster than 
pyrazine with a low log P. In this study, any general conclusions for all volatiles were hard to 
find, but it was concluded that for some volatiles, the release was mainly determined by the 
matrix composition and for others, the nature of the volatile itself was the major factor 
determining flavour release.  
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Figure 23. Mean volatile release curves for the four gels. One person ate five replicates of the four gels while the 
in-nose concentration of the volatiles was monitored by API-MS [127]. 

4.2.2 Emulsion systems 
As mentioned in Chapter 2.1.2, emulsions are systems where naturally immiscible substances 
have been mixed to form a continuous phase of one substance with embedded droplets of the 
other. Malone et al. [117] used gelled emulsion particles (microstructured emulsions) for 
control of aroma delivery in low-fat products as well as w/o/w duplex emulsions to control 
sour taste perception in low pH foods. Control of flavour release in low-fat products is of 
great interest as a decreased fat content often leads to reduced binding of lipophilic flavours to 
the matrix and thus alteration of the flavour balance. For o/w emulsions of varying oil 
content, release of lipophilic flavours was increased and sustained release was reduced when 
oil concentration decreased, however, for water-soluble compounds, the release rate was 
maintained irrespective of oil concentration. This is because of the distribution of hydrophilic 
molecules between water and oil. The gelled emulsion particles consisted of oil droplets 
embedded in a biopolymer phase, as means to avoid rapid replenishment of flavours from the 
original o/w systems. The gelled emulsions exhibited a reduced release of lipophilic flavours 
compared to the o/w system (figure 24). In this study, the oil droplets were small sunflower 
droplets entrapped in gelatin-gum-arabic gel particles that were dispersed in a xanthan 
solution. The gelled emulsions suppressed release of lipophilic molecules, but had no effect 
on the hydrophilic molecules (figure 24).  
 
  

 
 
Figure 24. Release of butanone and ethyl hexanoate from model food emulsions during eating measured by MS-
Breath comparison of a coacervate emulsion containing 3 % oil, a standard 3 % o/w emulsion and a standard  
40 % o/w emulsion [117].                   
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Different gelled emulsions can be designed for investigation of several events during eating. 
Another study by Malone and Appelqvist [128] used a number of gelled emulsion systems 
where oil droplets were embedded in gel particles with a controlled manner of breakdown. 
They wanted to study the different trigger mechanisms, including mechanical failure, melting 
and enzyme hydrolysis, for particle breakdown in the mouth. Ca-alginate particles were used 
as representatives for particles that do not break down in the mouth under tongue-palate 
contact. Agar particles with low failure stress for fractures, gelatin and gelatin-gum arabic 
coacervates that melt and fracture and starch particles susceptible to α-amylase, a constituent 
of the saliva, and fractures were the other particles. All particles were suspended in aqueous 
solutions of 1 % (w/w) xanthan. As shown previously [117], the release of hydrophilic 
substances was unaffected by changes in fat content, but the release of lipophilic substances 
was increased as fat content was reduced. Also flavour intensity and temporal profile of the 
release was altered (figure 25).  
 
 

 
Figure 25. Effect of oil content on release profiles of different flavourings from o/w systems into the nasal 
headspace during eating [128]. 
 
 
Mathematical models of flavour release from emulsions during eating proposed that the rate-
limiting step was mass transfer across the emulsion-gas interface and that flavourings, in 
comparison, quickly partitioned themselves between the oil and water phase within the 
emulsion [129, 130]. However, this partitioning is dependent of fat content and polarity of the 
flavouring, where a hydrophilic compound will be totally released from the oil phase due to 
mastication and mass transfer, and a more lipophilic compound will remain longer in the oil-
phase. As the rate-limiting step was suggested to be the emulsion/gas transport, ideas for ways 
to control and reduce mass transfer from oil phase to aqueous phase were tested by Malone 
and co-workers [128].  
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Particle size and oil content was varied and the release from Ca-alginate emulsions with 
different oil content is illustrated in figure 26. Release of hydrophilic acetone was relatively 
independent of both oil content and particle size, but for lipophilic ethyl hexanoate, the 
release was decreased in gelled emulsion systems compared to normal o/w-systems, 
highlighted in figure 26 (b). An increased particle size was also effective in reducing flavour 
release (not shown).  
 
 

    
     
Figure 26. Flavour release from o/w emulsions (dashed lines) and Ca-alginate emulsion particles (solid lines) at 
oil contents of 1, 3 and 40 % (w/w). (a) deuterated d6-acetone and (b) ethyl hexanoate [128]. 
 
The same trend was noted for agar particles, which neither broke down in the mouth. For 
particles that melt, gelatin and gelatin-gum arabic particles, the release curves initially were 
similar to alginate and agar, but as particles melted, the release was rapidly increased, as 
shown in figure 27. Particles with lowest gelatin concentration melted earlier than the high 
concentration gelatin gels.  
 
                

             
 
Figure 27. (a) Release of ethyl hexanoate from a dispersion of gelled emulsion particles suspended in 1 % (w/w) 
xanthan. The temporal release profiles were affected by the gelatin concentration, which affected gel strength 
and melting temperature. A lower gelatin concentration gave gels that melted at a lower temperature and had 
higher flavour intensity [128]. 
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When mixing the gelatin and gum arabic, changes in melting temperature occurred, 
something that can be made use of for foods systems. The release of a lipophilic compound 
from different gelatin-gum arabic mixtures was related to both melting temperature and 
particle size; 300 bloom particles are larger than 100 bloom particles and had a lower flavour 
intensity (not shown). Starch particles, susceptible to α-amylase were rapidly degraded within 
as short times as 10 seconds and the release rate was affected by both α-amylase hydrolysis 
and mechanical failure. 

4.2.2.1 Salty taste  
Salty taste was investigated from the o/w system and sensory analysis was performed on iso-
viscous o/w emulsions with fat content ranging from 0 to 60 % [117]. When the product salt 
concentration [NaCl]prod was kept constant at 0.5 %, the saltiness increased as oil content 
(Φoil) increased. This was explained by an increasing aqueous salt concentration upon 
increased oil content. [Salt]aq increased from 0.5 % (w/w) in the absence of oil to 1.25 % 
(w/w) in the 60 % oil emulsion. From those results, the authors suggested that taste perception 
was related to [Salt]aq, however, when [Salt]aq was held constant and Φoil was increased, the 
perceived saltiness decreased (shown in figure 28). This shows that apart from [Salt]aq, also 
aqueous phase volume, and contact surface area between sample and mouth, are important for 
taste intensity [131, 132]. A second mechanism for reduced taste intensity could be the 
formation of an oily coating of the mouth, which would lead to reduced mass transfer of taste 
molecules to the receptors.  
 

           

  

 
   
Figur 28. Salt perception in o/w emulsions under conditions in which  
(a) the salt concentration in product [NaCl]prod was kept constant at 0.5 % w/w and 
(b) the salt concentration in aqueous phase [NaCl]aq was kept constant at 0.5 % w/w [117].  
 
 
Apparently, aqueous phase volume, and thus oil phase volume, is important for taste intensity 
in emulsions, why a w1/o/w2 system was designed as a way to control Φoil [117]. In this 
emulsion, the total water volume and [Salt]aq was held constant. The w2 phase is the outer 
water phase in direct contact with taste receptors, and w1 is the inner water phase that will be 
shielded. The overall oil concentration was held constant to 30 % (w/w), but the internal 
phase w1 volume ranged from 0 to 50 % (w/w). When the internal phase w1 increased (w2 
decreased), the sour taste from citric acid decreased, indicating that volume of the aqueous 
phase, w2, influenced taste intensity, shown in figure 29. The figure shows that sour taste 
perception was reduced when water concentration was decreased, even with the concentration 
of citric acid unchanged. 
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(b) 

(a) 

 
 

    

  

      
 
Figur 29. (a) The effect of the phase ratios of w1/o/w2 duplex emulsions in the perception of citric acid. A 
constant Φoil of 30 % w/w was employed in each emulsion and the solute concentrations in the w1 and w2 phases 
[117] and (b) schematic picture of a w1/o/w2 duplex emulsion. 

 

4.2.3 Granular systems 
Starches form gels that have either a granular or a homogeneous structure, see figure 30 (a) 
for a micrograph of the structure. Ferry et al. [82] investigated how release of basil flavour 
and salty taste differed between granular (from modified waxy maize and wheat) and 
homogenous (waxy maize) starches. Different intermediate viscosities (80 – 450 mPa s at  
50 s -1) were tested, and it was found that flavour perception was lower from native waxy 
maize starch than from the modified starch and wheat starch, which is shown in figure 30 (b). 
In addition, the saltiness was slightly more intense from the granular structures. For flavour 
perception, both flavour release and the mouth feel are important for flavour perception. The 
authors believed that the reason for this more intense taste and flavour from the granular 
structures come from a better mixing with water or saliva. When a structure is mixed, the 
mouth feel will change and mass transfer of molecules to the taste and aroma receptors will be 
increased. 
 

  

                

 

       
 
Figure 30. (a) Micrograph of the modified starch after coloration with lugol and (b) Relationship between the 
perceived basil flavour intensity and the viscosity at 50 s-1. For each thickener where viscosity had a significant 
effect, samples with different letters where significantly different (P=0.05). a and b refer to wheat starch [82]. 
 

(a) (b)

w2
w1 

oil 
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5. CONCLUSIONS 
Research regarding sweet taste and food structures was quite intense in the 1960’s and 
beginning of the 1970’s, followed by a period of less frequently reported research in this field. 
Taste, or rather flavour, research was again intensified in the 1990’s and is still an interesting 
and existing research issue. 
 
However, the time spread in the reported research has brought some trouble into the work 
with this literature review. Methodology, both sensory and rheological, has been developed 
during those 40 years, which makes it difficult to compare the older studies with the newer. 
And older studies often suffer from lack of full control over all parameters, which introduce 
uncertainties to the interpretations of the results. 
 
Furthermore, during those years, new model systems have been identified and used, which is 
another parameter complicating comparisons, even if very broad and general conclusions that 
are valid for all different model systems have been possible to derive.  
 
Research about sweetness and structures often gives “generic”, general, results, whereas 
flavourings are very different in structure, size, polarity etc., making it harder to derive any 
general conclusions for flavour and structure-relationships.  
 
By doing this literature review, a starting point for my coming Ph.D work has been 
established, and some interesting prospective model systems have been identified. To be able 
to optimize sweetness from food model systems a starting point could be a phase-separated 
system, where Malone et al. [117] and Ferry et al. [82] have provided interesting results. The 
findings of Ferry et al. [82] about the importance of mixing behaviour of the food matrix will 
also be taken into consideration, when designing experiments for my Ph.D-project. 
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