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ABSTRACT
Reducing salt in food without compromising its quality is a huge challenge. Some review articles 
have been recently published on saltiness perception in some colloidal systems such as emulsions. 
However, no published reviews are available on saltiness perceptions of gel-based matrices, even 
though salt release and perception in these systems have been extensively studied. this article 
reviews the recent advances in salt perception in gel-based systems and provides a detailed analysis 
of the main factors affecting salt release. Strategies to enhance saltiness perception in gels and 
emulsion-filled gels are also reviewed. Saltiness perception can be improved through addition of 
biopolymers (proteins and polysaccharides) due to their ability to modulate texture and/or to 
adhere to or penetrate through the mucosal membrane on the tongue to prolong sodium retention. 
the composition of the product and the distribution of salt within the matrix are the two main 
factors affecting the perception of salty taste. Food structure re-design can lead to control the level 
of interaction between the salt and other components and change the structure, which in turn 
affects the mobility and release of the salt. the change of ingredients/matrix can affect the texture 
of the product, highlighting the importance of sensory evaluation.

Introduction

Worldwide, elevated blood pressure causes 7.6 million deaths 
(49% of heart disease and 69% of strokes) annually (Lawes, 
Vander Hoorn, and Rodgers 2008). The World Health 
Organization (WHO) action plan globally for 2013–2020 sug-
gested a 30% reduction in population’s intake of sodium 
(WHO, 2013). The production of healthier foods with reduced 
salt is a major challenge within the food industry. Preference 
is one of the major hurdles to salt reduction, reducing sodium 
content results in less favorable foods, people habituated to 
such a diet rapidly notice the difference. The function of 
sodium in foods is not only to provide nutrition and to 
deliver the salty taste but also to act as a processing aid, con-
trol water activity, enhance food flavor and help in texture 
creation (Busch, Yong, and Goh 2013). To achieve factual 
sodium reduction and viable healthier options for consumers, 
these complex multidimensional functions need to be achieved 
together. The United Kingdom was successful in lowering salt 
intake by 1 g/day between 2003 and 2008 via a combination 
of initiatives including education, legislation, labeling, and 
product reformulation (Webster et  al. 2011). However, such 
methods are always not efficacious.

Even though numerous approaches have been investigated 
as strategies for salt reduction in foods, further reduction is 
still needed, as the mean salt consumption globally 

continues to be above the quantities recommended by the 
WHO (5 g/day). Table 1 summarizes promising investigated 
strategies to reduce salt and some of their limitations.

An outstanding fact about sodium perception is that 
some foods such as cheese, condiments, and sauces may 
contain as much sodium as sea water however, those prod-
ucts are undoubtedly not tasting as salty. This might be a 
result of taste–taste interactions and the food matrix com-
plexity. Product reformulation to reduce salt might not be 
an easy task as it involves many factors, such as the interac-
tions between food components (fat, protein, and carbohy-
drate), sensory attributes (viscosity, texture, and taste/flavor), 
and how they affect saltiness perception which might be 
synergistic or antagonistic by increasing or decreasing 
sodium mobility. Increasing sodium mobility could boost its 
release in saliva throughout consumption, which leads to an 
enhanced salty perception.

The food industry is making decent development to 
reduce salt in bakery products (the largest supplier of 
sodium) (Ferrari et  al. 2022); however, significant challenges 
continue in liquid and semisolid savory products such as 
sauces and soups (Agarwal et  al. 2015). Simply because 
sodium is soluble in water. To the extent that sodium is 
concerned, the key food products for sodium intake are 
dairy, bakery, meat, and ready-to-eat foods, which represent 
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around 50% of the salt consumption in industrial countries 
while the use of table salt contributes to 10–20% of the total 
salt consumed. Solid lipoproteic colloid (SLC) foods, such as 
sausage and cheese, consist of an oil‐in‐water emulsion of 
lipid and protein and contribute a substantial amount of salt 
to modern diets.

There are three main principles for sodium reduction in 
foods: (1) chemical stimulation to increase the saltiness per-
ception peripherally, (2) cognitively increasing consumer 
awareness or shifting the saltiness preference, and (3) struc-
tural food design to optimize the salt delivery to the taste 
buds (Busch, Yong, and Goh 2013).

Modification of physical properties in liquid and semi-
solid products may enhance saltiness perception. These 
include viscosity, salt distribution, and the use of inert fillers 
that concentrate sodium in the aqueous phase such as in the 
case of emulsion systems (Busch, Yong, and Goh 2013). 
Engineering the food structure to enhance sodium release 
has been wished for as one key strategy for sodium reduc-
tion in processed foods (Stieger and van de Velde 2013). 
Although these synergistic/antagonistic effects have been 
investigated individually in-depth, few studies tested sodium 
reduction in a complex food product as affected by multiple 
antagonistic/synergistic factors.

A recent review article has been published on saltiness 
perception in some colloidal systems such as emulsions 
(Wang et  al. 2021). However, no published reviews are 
available on saltiness perception of gel-based matrices, 

including liquid and semisolid foods. This article reviews 
the recent advances in salt perception in gel-based systems 
(i.e., gels and emulsion gels), the main factors affecting salt 
release, and strategies to enhance saltiness perception in 
food systems using gels and emulsion-filled gels (EFGs).

Saltiness perception

Saltiness perception is influenced by the mobility of sodium 
salt and possible release during mastication (Kuo and Lee 
2014a; Okada and Lee 2017). Understanding food structure 
design (formation) and rheological/textural response to applied 
stress (deformation) may help designing food products with 
enhanced salt release and saltiness perception. Altering food 
structural design can affect sodium distribution and release by 
altering intermolecular interactions. As an example, emulsion 
gel microstructure was possibly modified by altering the for-
mulation and processing parameters for enhanced sodium 
release during large deformation, affecting saltiness perception 
(Kuo and Lee 2014a). Protein matrix which is highly compact/
ordered may adversely impact the saltiness perception by 
enhanced protein–salt interaction which results in sodium 
being unavailable (Okada and Lee 2017).

It is known that saltiness perception is very complex, 
involving aspects related to the traveling of sodium in the 
oral cavity, the influx of sodium from the tongue surface 
into the taste receptor cells (TRCs) and subsequent cognitive 
transduction of signal responsible for saltiness generation 
(Kuo and Lee 2014b). Figure 1 is a graphical illustration for 
taste signal transmission between tongue and brain. However, 
all the discussions presented here highlight the importance 
of investigations regarding the first stage of this entire pro-
cess (i.e., migration of sodium from the solid foods to sur-
roundings) and the enormous number of ways through 
which the gelled matrices may be altered to improve sodium 
release, and, consequently, to allow salt reduction in such 
important products.

Gels and emulsion gels: an overview

Gels and EFGs have been arousing the interest of researchers 
and industry, as they are an alternative to reduce the lipid 
content in food (fat replacers) without significantly compro-
mising product quality (Oliver, Scholten, and van Aken 2015). 
Such a fact is because these matrices may be produced using 
a wide range of biopolymers (especially proteins and polysac-
charides), surfactants and processing conditions, and present, 
therefore, different properties (structural, rheological, and tex-
tural) and different responsiveness to environmental stresses 
(e.g., pH, temperature, enzyme, salt) (Mao et  al. 2020).

Gels can be defined as semisolid systems consisting of a 
liquid phase entrapped in a three-dimensional network, 
which are known for their high nutritional value, excellent 
biocompatibility and good stability (Mao et  al. 2020). Due to 
their unique combination of rigidity and elasticity, these sys-
tems are important for providing desirable textural and rhe-
ological properties to several food products. Among the 
several types of gelled food products, there are gelatins, 

Table 1. summary of some of the investigated strategies (a) and their limita-
tions (B) to reduce salt (naCl) in food products.

strategies references

(A)
Complete or partial replacement liem, Miremadi, and Keast (2011)

Fellendorf, o’sullivan, and Kerry 
(2016)

use of low-sodium mixtures Paulsen et  al. (2014)
use of flavor enhancers dos santos et  al. (2014)
Change of salt physical state rama et  al. (2013)

emorine et  al. (2014)
enhancement salt diffusion (e.g., via 

ultrasound or high-pressure 
technology)

Mcdonnell et  al. (2014)
ojha et  al. (2016)

use of non-sodium salts (e.g., KCl) Carmi and Benjamin (2017)
use of naturally brewed soy sauce Kremer, Mojet, and shimojo (2009)
addition of components (e.g., lysine or 

glutamate)
dötsch et  al. (2009)
Guerrero, Kwon, and vadehra (1995)

use of particular odor–taste interactions 
in the occurrence of some flavors

lawrence et  al. (2011)

(B)
limitations references
adverse reaction when the gradual 

decrease of sodium accumulates to 
an obvious level in the stealth 
reduction

 (Philps et al., 2006)

off-tastes of salt replacers desmond (2006)
Change in food flavor after addition of 

ribonucleotides and amino acids for 
saltiness potentiation

Heidolph et  al. (2011)

tastes for saltiness compensation such 
as yeast extracts and aroma 
compounds are practical only when 
their characteristics are corresponding 
with salty taste

dos santos et  al. (2014)

smaller size salt crystals dissolve faster 
but works generally for surface salted 
foods such as French fries

Heidolph et  al. (2011)
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dairy desserts, puddings, yoghurts, fresh cheese and sau-
sages. In fact, some of these products are referred to as 
emulsion-filled gels (EFGs) (Mao et  al. 2020).

Proteins can form three-dimensional networks which 
result in a gelled structure, intermediate phase between 
solid–liquid phases, which can retain low molecular weight 
molecules (Han et  al. 2009). Gels can be formed by means 
of different mechanisms that underlie gelation (Ben-Harb 
et  al. 2018). First, protein thermal treatment unfolds globu-
lar native compact structure, which exposes the buried 
hydrophobic residues in the structure and results in the sub-
sequent aggregation of denatured proteins. Second, cold 
gelation can be performed through direct acidification using 
agents such as glucono-delta-lactone (GDL) or by using lac-
tic starter cultures (Lucey and Singh 2003). Finally, enzymes 
are also used to produce protein gel networks through dif-
ferent mechanisms (Horne and Lucey 2017).

Emulsion gels (EGs) are soft solid-like materials generated 
from a stable liquid-like emulsion by gelation of the continuous 
aqueous phase. EGs can provide the advantages of both 

emulsions and gels and show improved emulsion stability against 
coalescence and creaming (Torres, Murray, and Sarkar 2016). 
EGs are also known as gelled emulsions, and according to the 
state of the oil droplets in the matrix, they can be classified in 
two categories: emulsion-droplet gels (also known as 
oemulsion-filled gels (EFGs)) and emulsion droplet-aggregated 
gels (also known as emulsion particulate gels) (Lin, Kelly, and 
Miao 2020). The focus of this review is on EFGs. EFGs contain 
both hydrophobic material (dispersed oil phase) and hydrophilic 
material (gel protein network) which allows them to be used for 
co-encapsulation of both hydrophilic and hydrophobic molecules 
with different solubilities. EFGs have the potential to deliver 
both hydrophobic and hydrophilic ingredients simultaneously 
(Mao et  al. 2020). EFGs are increasingly used in pharmaceutics, 
cosmetics, and food industries (Farjami and Madadlou 2019). 
EFGs are a very complex biopolymer system, which consist of 
emulsion droplets or lipid particles entrapped in a gelled matrix  
(Figure 2). Their characteristics are defined by the properties of 
the gelling agents, dispersed fillers, and the interactions among 
them (Sala et  al. 2009; Geremias-Andrade et  al. 2016).

Figure 1. taste signal transmission from the tongue to the brain depicted in a schematic diagram (adapted from ahmad and dalziel 2020). taste receptor cells 
(trC) are found in taste buds located in various papillae of the tongue and mouth. trCs receive the signal, and then, send it to the brain through the nucleus 
solitarius in medulla, which then transfer it via thalamus to gustatory cortex. the right side illustrates the tongue with the taste buds distributed on its surface. 
the taste bud on the left side displays taste trCs and a simplified taste receptor signal transduction pathway.



4 e. HeBiSHY et Al.

Factors that affect saltiness perceptions in gel 
systems

Effect of chemical composition on saltiness 
perception

During mastication, salt needs to be released from the 
matrix of the product into saliva before saltiness can be per-
ceived. The composition of the food matrix has a significant 
role on sodium release and saltiness perception (Kuo and 
Lee 2014b). Most food systems are vastly complex and het-
erogeneous: they contain a combination of numerous 

elements such as lipids, proteins, carbohydrates, water, salts, 
and other micronutrients (Summarized in Table 2). The 
complexity of the food matrix and possible interactions with 
sodium might create enormous diversity of probable final 
sensory effects (Kuo and Lee 2014b).

In their study, Lauverjat et  al. (2009) found that in model 
cheese, higher diffusion coefficients of NaCl were obtained 
when cheese had higher NaCl and fat and lower dry matter 
and firmness. Besides cheeses, sausages are also important 
EFGs for the food industry, which represent significant 
sources of sodium. For this reason, different strategies have 
been addressed to increase sodium release in such products, 
including the incorporation of polysaccharides (Stieger 2011) 
and variations of compositions (Ruusunen, Simolin, and 
Puolanne 2001; Chabanet et al. 2013). For example, Chabanet 
et  al. (2013) evaluated the influence of varying protein, lipid, 
water, and salt contents on temporal sodium release in 
chicken sausages. The authors verified that the rheological 
properties of the products were especially affected by their 
water and fat contents, which influenced the salt release. 
According to their data, the higher the fat content, the lower 
the level of sodium release, probably due to a slowing of 
mass transfer of sodium in the matrix. Water content, con-
versely, had little or no effect on sodium release in saliva. As 
expected, the effect of the salt level on sodium release was 
positive and highly significant (Chabanet et  al. 2013).

Figure 2. schematic representation of the two types of emulsion gels: (a) 
emulsion droplet-filled gels, and (B) emulsion droplet-aggregated gels (adapted 
from lin, Kelly, and Miao 2020).

Table 2. effect of food composition on saltiness perception.

Food component Food (Matrix) Content (ratio)
effect on saltiness perception (enhance or 

decrease). reference

salt Cheeses 0% and 1% naCl a decrease in lipid/protein ratio and in salt 
(naCl) content led to a lower molecular 
mobility and lower release kinetics of 
sodium ions.

Boisard et  al. (2013)

Xanthan gum 0 to 480 mg added sodium per 
30 g serving

sodium mobility increased as sodium 
concentration increased.

defnet, Zhu, and schmidt 
(2016)

iota-carrageenan 0% to 3% naCl sodium ion mobility and gel hardness are 
directly correlated.

Gobet et  al. (2009)

waxy, normal and high 
amylose maize 
starch

0% to 2% among all starch 
samples

High amylose starch displayed the highest 
initial saltiness and in-mouth saltiness 
intensity.

Zhang et  al. (2017)

Fat/oil o/w emulsions 0 and 30% sunflower oil Gelled emulsion particles have been designed 
to slow the release of lipophillic aroma 
molecules in low fat foods.

Malone, appelqvist, and norton 
(2003)

o/w emulsions 0, 20%, 40%, canola oil saltiness intensity values in emulsions were 
higher than in solutions, demonstrating a 
saltiness enhancing effect imparted by oil.

torrico and Prinyawiwatkul 
(2015)

asparagus soup 0% to 40%, fat the increase in fat contents between 0 and 
30% increases salt perception.

lima et  al. (2018)

o/w emulsions 0,  10, 20 and
40% of soybean oil

For a constant naCl in the aqueous phase 
saltiness perception decreases as the oil 
content increases.

suzuki et  al. (2014)

Carbohydrate asparagus soup 17% ,14.9% lactose, 14.7% 
glucose syrup

lactose/dried glucose syrup suppress salt 
perception via a taste–taste interaction.

lima et  al. (2018)

whey permeates spray-dried reduced-47.5% 
lactose permeate

liquid reduced-46% lactose 
permeate

reduced-lactose permeate has the highest 
salty taste intensity.

Frankowski, Miracle and drake 
(2014)

Moisture lipoprotein matrices 54.3% to 61.1% water content the water content mainly appeared to 
influence the amount of sodium released

lawrence et  al. (2012)

Chicken sausages 50.89% to 68.07% water 
content

the water content affects salt perception but 
not clearly and this aspect needs to be 
studied in more depth.

Chabanet et  al. (2013)

Bread 41% to 46% moisture content as the moisture migration occurs in the 
opposite direction to the salt gradient, this 
may have caused a slowing down of the 
rate of salt migration.

noort et  al. (2010)
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Effect of salt content
The amount of the added sodium salt is important to deter-
mine the saltiness perception in food systems. When sodium 
salt is added to a high quantity, sodium ions will bind to the 
food matrix until it reaches an equilibrium. In their study, 
Boisard et  al. (2013) using 23Na nuclear magnetic resonance 
(NMR) spectroscopy, reported that adding low salt level 
(0.5% NaCl) resulted in lower sodium mobility supporting 
the hypothesis that below 1.5% of NaCl, sodium binds to 
the matrix until it reaches a “binding” or saturation. However, 
higher concentrations of NaCl (1.5 − 3.5%) had no further 
effect on the overall sodium mobility. This was attributed by 
the authors to the system possibly being in a highly mobile 
state, beyond “binding” saturation. This is consistent with 
previous literature findings that reported increased sodium 
mobility as salt concentration increased, then leveled off in 
relaxation times with increasing added sodium (Gobet et  al. 
2009). Similarly, in a chicken soup broth containing xanthan 
gum (0.3% w/v), sodium mobility was constant at sodium 
concentration between 75 and 100 mg total Na per serving 
(240 mL), then increased until around 150 mg, then, remained 
fairly constant until up to 500 mg (Rosett et  al. 1996).

It is also worth mentioning that the concentration of 
sodium salt affects food functionality. Zhang et  al. (2017) 
investigated the swelling power and rheological properties of 
waxy, normal, and high amylose maize starch at various salt 
concentrations. The swelling power decreased with increas-
ing salt concentration from 0% to 2.0% among all starch 
samples. In addition, the gelatinization temperature of waxy 
starch and normal starch increased. It was found that high 
amylose starch had the most initial salinity and in-mouth 
saltiness intensity, as well as the largest thickness, lubrica-
tion, and stickiness.

Effect of fat/oil content
Although fats/oils appear to be tasteless by themselves, they 
contribute to food texture, mouthfeel, and chemosensory 
attributes through interaction with other food components. 
There are different mechanisms through which fat/oil con-
centration in emulsion systems can influence saltiness per-
ception, either by enhancing or suppressing it.

Oil can suppress saltiness by acting as a barrier between 
sodium and taste receptors/buds through mouth coating and 
limiting sodium mobility/migration decreasing the perceived 
saltiness (Hughes, Cofrades, and Troy 1997). Oil can also 
increase the viscosity of foods, affecting the diffusion coeffi-
cients and retention times of sodium in the mouth (Malone, 
Appelqvist, and Norton 2003). Le Révérend, Norton, and 
Bakalis (2013) using mathematical models attributed incom-
plete boosting of sodium perception at high fat contents to 
the high viscosity of the matrix which slows sodium trans-
port to the taste receptors.

High fat/oil content was also reported to increase the 
sodium content in the aqueous phase enhancing saltiness 
perception (Koriyama et  al. 2002; Malone, Appelqvist, and 
Norton 2003; Kuo and Lee 2014a). The increase in the per-
ceived saltiness was reported by most of the studies to be 
due to increase the effective sodium content by increasing 

fat content because there was less water to dissolve the same 
amount of salt (Malone, Appelqvist, and Norton 2003), 
which is known as the “filler effect.” Koriyama et  al. (2002) 
assumed that oils and fats occupy volume in emulsions (no 
NaCl or KCl molecules), and thus, a 100% of sodium gets 
partitioned in the aqueous phase. Mattes (2009) suggested 
that fat/oil have certain fatty acids which can enhance salti-
ness through sensitizing the sodium TRCs. In canola O/W 
emulsions with up to 40% oil content, saltiness was more 
intense and perceived using electronic‐tongue in emulsions 
than solutions, representing a saltiness‐enhancing effect 
caused by oil (Torrico and Prinyawiwatkul 2015). Suzuki 
et  al. (2014) reported that oil may contribute to coating the 
mouth tongue and retard the “washing out,” especially with 
liquid and semisolid foods, causing an increased saltiness 
perception.

It is worth mentioning that the effect of fat/oil content on 
saltiness perception is concentration dependent. Studies 
reported that fat content can improve saltiness through the 
filler effect up to a certain level of fat in the emulsion. 
However, above this concentration, saltiness might be sup-
pressed through other mechanisms such as viscosity and 
texture. In their study to incorporate sodium caseinate O/W 
emulsions with 20–30% oil concentrations in soup, Lima 
et  al. (2018) found that the greatest enhancement of the salt-
iness perception was achieved with the addition of low/mod-
erate fat concentrations (1–10%), what would be expected of 
the filler effect, and that above 20% the increase in saltiness 
was around half what is predictable from the filler effect.

Effect of carbohydrates
A surprising remark made by Lima et  al. (2018) in the study 
mentioned in the previous section was that lactose/glucose 
syrup existing in the marketable creamer suppresses saltiness 
perception with a strong correlation when applied in soup, 
with lactose having greater suppression. However, maltodex-
trin had no suppression effect on saltiness. A plausible ratio-
nale for the diminished perception of salt in the context of 
lactose/glucose could be the interaction between sweetness 
and saltiness (taste–taste interaction), resulting from a sig-
nificant sweetness imparted by both lactose and glucose 
syrup. The authors also claimed that the joint effect of 
sweetness and viscosity might be the reason why thick salsas 
are moderately salty even though they have salt content sim-
ilar as sea water. A suggestion made by the authors to 
improve saltiness perception and to have the right amount 
of salt within the WHO dietary recommended daily intake 
would be balancing sweetness and product texture.

In another study by Frankowski, Miracle, and Drake 
(2014), an investigation was carried-out to ascertain the sen-
sory and compositional characteristics of whey permeates 
and ascertain whether components other than sodium are 
responsible for the saline flavor of permeate. 18 whey 
(n = 14) and 4 reduced lactose (n = 4) permeates were pro-
cured from commercial facilities in duplicate. Lactose-free 
permeates had a very noticeable saltiness. Sensory analyses 
using sodium chloride solutions verified that the presence of 
sodium was not the only reason why reduced lactose 
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permeates tasted salty. Other compounds including NaCl, 
KCl, lactic acid, citric acid, hippuric acid, uric acid, orotic 
acid, and urea were used to make permeate models and also 
contributed to the salty taste in addition to NaCl.

Effect of moisture content
Saltiness is formed by electrophysiological signaling from the 
tongue to the brain triggered by the sodium ions absorbed 
by ion channels on the tongue (Gilbertson, Damak, and 
Margolskee 2000). Therefore, a mobile aqueous environment 
is needed for sodium ions to be transported to the ion 
channels. High moisture content resulted in enhanced salti-
ness in lipoprotein matrices (Lawrence et  al. 2012) which 
has been attributed by Chabanet et  al. (2013) to the facili-
tated sodium extraction from the food matrix which in turn 
results in high salivation. As previously mentioned, most of 
the sodium ions are washed away in liquid foods without 
reaching ion channels on the tongue surface, and therefore, 
do not contribute to saltiness. In case of low moisture foods 
such as food powders, salt is normally entrapped in the food 
matrix and for this reason powdered foods need to be rehy-
drated first to liberate sodium ions to the aqueous phase 
before being transported to the ion channels on the tongue 
to start the signaling (Yucel and Peterson 2015).

It is noteworthy that formulation of food products with 
salt gradients using the compartmentalized approach, as dis-
cussed here before, is less challenging for low moisture 
foods, such as bread, which has been successfully applied 
(Noort et  al. 2010). The reason is that diffusion/migration of 
salt from the inner phase to the external phase by osmotic 
pressure is restricted. Another composition feature important 
for sodium release in solid lipoproteic colloids (SLCs) is the 
water content. According to Lawrence et  al. (2012), higher 
water content represents higher solvating capacity of sodium 
and, therefore, higher release rates.

Sodium location in gel system and its effect on saltiness 
perception

Inhomogeneous sodium distribution
There are certain solid and semisolid gelled foods that can 
be reduced in salt content by inhomogeneous spatial distri-
bution of salt within the matrix of the food, such as breads, 
cheese, and sausage (Sinesio et  al. 2019). These could be 
made by sheeting alternating layers with different salt con-
centrations and layer thicknesses. Fahmy et  al. (2021) inves-
tigated the effects of inhomogeneous NaCl distribution by 
3D printing utilizing hydrated wheat starch-egg white pow-
der combinations in alternating layers with various configu-
rations. The results showed that if the sensory contrast was 
great enough and the overall NaCl concentration was low, 
the inhomogeneous spatial sodium chloride distribution led 
to an increase in saltiness. Unfortunately, implementing this 
technology on a broad scale to produce low-salt foods is a 
tough task. Figure 3 is an illustration of the effect of sodium 
distribution on saltiness perception.

Previous research found that the salt enriched soy protein 
isolates/gum Arabic coacervate could be utilized to prepare 
food gels with inhomogeneous salt distributions, allowing 
for a 30% reduction in salt content while maintaining flavor 
and textural properties (Li et  al. 2020). It is worth noting 
that despite the inhomogeneous salt distribution in a food 
matrix, preparation, subsequent cooking, storage, and 
last-minute reheating contributed to sodium migration and 
homogeneity loss (Emorine et  al. 2013).

Sodium–biopolymers interactions
Protein interactions, explicitly the ionic form, with sodium 
were reported to influence saltiness perception and to give a 
basis to create higher flavor quality low-sodium foods. In 
complex food systems, charged segments of biopolymers can 

Figure 3. schematic representation of the impact of sodium distribution within the gel matrix on saltiness perception.
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interact electrostatically with sodium, although is preferred for 
processing, it affects sodium release and its transport to the 
taste buds on the tongue (Kuo and Lee 2014b). For example, 
casein in cheese structure can bind sodium in the matrix lim-
iting its migration and availability in the mouth (Lauverjat 
et  al. 2009). Ruusunen, Simolin, and Puolanne (2001) pro-
duced Bologna type sausages with 71% fat reduction and 
replacement with lean meat and water and reported that salt-
iness was lowered when lean meat was used. They attributed 
this to the ionic interaction between lean meat protein and 
sodium which limited sodium availability and its perception.

Boisard et  al. (2013) used 23Na NMR spectroscopy to 
study the sodium ions mobility in cheese as affected by pro-
tein and NaCl content. It was concluded that higher mobility 
of sodium was declared in cheeses with a lower protein con-
tent. Okada and Lee (2017) explored the impact of different 
levels of NaCl, protein, and lipid and high-pressure homog-
enization (HPH) on sodium availability in a model heat-set 
EFGs as an approach for sodium reduction. Conversely, salt 
content and HPH treatment had no significant impact on 
sodium mobility. A mechanism was suggested by the authors 
for the negative impact of higher protein concentrations on 
saltiness perception, that is, the reduced water availability in 
a dense protein network as transportation medium for aque-
ous sodium. In a study by Kuo and Lee (2014a) the saltiness 
perception in SLCs, as a model emulsion system, with 8% 
protein was more perceived than SLCs with 16% protein.

Saltiness perception will differ if sodium salt binds to a pure 
protein solution or if fat is added and the protein is on the oil 
interface. In their study, Yucel and Peterson (2015) explored the 
impact of interaction between sodium and protein (sodium 
caseinate), used either separately or to emulsify oil. It was 
reported that increasing the protein content in the aqueous 
protein solutions resulted in significantly lower saltiness and a 
higher salty aftertaste; however, when casein was used to for-
mulate an emulsion, the saltiness perception was improved. 
This was attributed by the authors to the increase in the inter-
facial area of the emulsion, exposing more hydrophilic seg-
ments of the protein toward the aqueous phase, resulting in 
enhanced saltiness. They concluded that such protein structure 
in these emulsions, when in a powder form, would enhance the 
powder rehydration and control the perception of saltiness. 
Casein on the oil interface forms as a hydrophilic protein layer, 
which can diffuse up to 10 nm from the particle surface 
(Leermakers et  al. 1996) which is anticipated to enhance the 
sodium availability. Similarly, Lawrence et  al. (2012) reported 
that sodium ions bind to anionic liposome matrixes, enhancing 
salt release and consequently the salty taste in cheese products.

Regarding mixed biopolymeric gels, the degree of coarse-
ness and microphase separation have shown to influence 
serum release. According to some authors, heterogeneous, 
bi-continuous, or coarse stranded gels produced with mix-
tures of proteins and polysaccharides tend to present higher 
serum release, and, consequently, resulting in salt release 
and saltiness perception, in comparison to homogeneous or 
protein-continuous microstructures (Stieger 2011; Stieger 
and van de Velde 2013; Kuo and Lee 2014a).

Porosity, microstructural organization and, therefore, 
sodium release, may be altered through variations of protein 

concentration in gelled systems. However, the impacts of 
such variations over salt release are not only related to the 
porosity/permeability, but also to sodium–protein interac-
tions (Kuo and Lee 2014a). According to the literature, 
increases of protein concentration in SLC gels reduces the 
amount of free sodium and, therefore, may reduce the salt 
release (Ruusunen, Simolin, and Puolanne 2001; Lauverjat 
et  al. 2009; Boisard et  al. 2013; Kuo and Lee 2014a). In their 
study, Okada and Lee (2017), for example, verified that the 
higher the protein and fat contents, the lower the total 
mobility of sodium inside SLC gels (measured by single 
quantum – SQ – experiments). According to these authors, 
such phenomenon occurs because such alterations increased 
the structure surrounding bounded sodium as well as 
increased the amount of sodium in a “bounded state” (mea-
sured by double quantum-filtered – DQF – experiments), 
due to increased interfacial protein interactions.

According to the literature, the release of salt from gelled 
matrices depends on many factors including the breakdown 
characteristics, the amount of water in the systems and the 
interactions among salt and other molecules in the struc-
tures (Phan et  al. 2008; Kuo and Lee 2014b). In general, dry 
and hard gels require more mastication for the breakdown 
and adequate salt release (Phan et  al. 2008). Besides, 
sodium–polymer interaction may reduce the sodium avail-
ability and affect the concentration gradient, which is deter-
minant for sodium liberation (Kuo and Lee 2014b).

The high impact of high protein concentrations on the 
saltiness perception has been related by several studies to 
the following reasons: (1) The ionic interaction between 
sodium and protein could lower sodium release; as reported 
in cheese systems (Lauverjat et  al. 2009; Boisard et  al. 2014) 
and processed meat products (Ruusunen, Simolin, and 
Puolanne 2001); (2) increased protein content slows down 
sodium diffusion, due to the increased tortuosity of the pro-
tein network within the gel, which makes the texture more 
rubbery and less brittle (Lauverjat et  al. 2009); (3) high pro-
tein concentration lowers water content which could decrease 
serum release during the mastication, decreasing the convec-
tive transfer rate for sodium release (Kuo and Lee 2014a, 
2014b). From the discussions presented here, it is clear that 
exploring molecular interactions and microstructural aspects 
is a valuable tool to increase salt release and decrease the 
sodium in such food products, however, it is also known 
that the saltiness perception is more complex and involves 
many other aspects.

Environment around sodium in gel matrix
The sodium environment in food matrix is one of the most 
essential properties that confer flavor, saltiness, and sweetness 
release and can be reflected by food structure and rheology. 
Modifying the food structure can enhance saltiness percep-
tion, increase the sodium diffusion coefficient, and result in a 
higher degree of fragmentation (Kuo and Lee 2014b).

Rheology of a polymer solution may adversely impact 
saltiness perception due to the slowdown of mixing/mass 
transportation of sodium ions across the boundary coatings 
on the tongue (Le Révérend, Norton, and Bakalis 2013; 
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Aubert, Lima, and Le Révérend 2016). For example, in a 
solution of a biopolymer with a concentration above the 
entanglement concentration (c*), aroma or taste perception 
was greatly lowered (Baines and Morris 1987). The viscosity 
and the efficiency of mixing of the product with saliva, 
would explain this decrease in perception (Koliandris et  al. 
2008). Tarrega et  al. (2011), in an initiative to study the pan-
ellists’ mastication activities as related to model cheese tex-
ture (low fat vs. full fat), low fat samples were harder and 
needed higher amount of incorporated saliva, higher chew-
ing work per cycle, and number of chewing strokes.

Food thickness was found to have a negative effect on 
sweetness in semisolid dairy desserts (Tournier et  al. 2009), 
but the researchers were not able to decide whether this was 
solely caused by physicochemical interactions or also percep-
tual interactions have taken part. It was previously men-
tioned that sodium mobility and sodium binding to the 
matrix are important factors affecting saltiness perception. A 
recent study investigated the impact of protein matrices 
(milk protein, gelatin, and soy protein) at concentrations of 
(2.5 and 9% w/w), and pH levels of (5.5, 6.2, and 6.8). The 
authors suggested that rheological behavior had a larger 
effect on saltiness perception than ionic binding and sodium 
mobility (Mosca et al. 2015; Defnet, Zhu, and Schmidt 2016).

Rheological properties, especially rupture/fracture param-
eters, are commonly associated to the behavior of gelled sys-
tems during mastication and they are essential for the 
comprehension of sodium release. Koliandris et  al. (2008), 
for example, investigated the relation between sodium release 
and microstructural organizations of low-/high-acetyl gellan 
gels and κ-carrageenan/locust bean gum gels, verified that 

systems with more of smaller fragments at rupture exhibited 
significantly higher release of sodium. According to the 
authors this was due to the increased surface area following 
fracture during chewing. Therefore, an important conclusion 
was that the intensity of flavor perception in gels was dom-
inated by the release of salt, which was favored by a low 
strain at break.

It is known the microstructural organization of mixed 
biopolymeric gels are a result of the balance between the 
gelation and the phase separation processes, which depend 
on the properties of the ingredients and the processing con-
ditions (de Jong, Klok, and van de Velde 2009). Therefore, 
the sodium release of these systems may be adjusted through 
the adequate selection of ingredients, and the control of the 
gelling conditions by the application of microscopy tech-
niques and rheology tests (Stieger 2011; Stieger and van de 
Velde 2013; Kuo and Lee 2014a).

Strategies to enhance saltiness perception in food 
systems using gels and emulsion-filled gels

Many approaches have been investigated for sodium reduction 
in gelled matrices, including the use of salt replacers (Carmi 
and Benjamin 2017) and application of aroma–taste interac-
tion strategy (Thomas-Danguin et  al. 2015). However, one of 
the most promising alternatives for the reduction of salt in 
food products consists in promoting the efficient sodium 
release from a gelled structure, considering that 70% to 95% 
of sodium could still remain within the matrix right before 
being swallowed, not contributing for saltiness generation 

Table 3. some studies investigating aspects related to sodium release from model gels and solid lipoproteic colloid (slC) gels.

system/formulation  Main goals  important results  reference 

slC gels produced with whey 
protein isolate and anhydrous 
milk fat (variating protein and 
fat content and homogenization 
pressure) 

relate sodium release to 
microstructural properties

of slC foods.

systems with larger and numerous pores allowed a higher serum release 
(sodium release). the maximum concentration of sodium released 
increased with increasing fat content or decreasing particle size of fat, 
due to more extensive gel breakdown. 

 (Kuo and 
lee, 2014)

Gels produced with different 
concentrations (2.5% and 9% 
w/w) of distinct proteins (i.e. 
gelatin, milk protein and soy 
proteins. 

investigate the relationship 
between the ionic binding of 
sodium and salty perception 
in protein matrices. 

Protein type, concentration and pH affected the ionic binding of sodium 
ions. increases of protein concentration decreased mobility of sodium 
ions and increased the ratio of bound sodium. ionic binding was 
related to the presence of negatively charged groups in proteins, 
which was lower for gelatin matrices and higher for soy protein 
matrices. saltiness perception was mainly affected by the rheological 
properties. saltiness intensity decreased with increases of fracture 
properties or viscosity and firmness. 

Mosca et  al. 
(2015)

slCs produced with whey protein 
isolate and anhydrous milk fat, 
using different protein (8 and 
16%, w/w), fat (0, 11, 22, and 
33%, w/w) and naCl (1.5 and 
3.5%, w/w) contents, and 
distinct homogenization 
pressures (14 and 55 MPa). 

investigate the effect of 
structure on sodium release 
of model slCs 

the different treatments affected textural properties and porosity of slC, 
which influenced its sodium release. water content and fat to solid 
ratio (F/s) correlated, respectively, positively and negatively with 
porosity, which correlated positively with serum release and the 
maximum rate of sodium release. increase of homogenization pressure 
decreased fat particles size, which was negatively correlated with the 
maximum concentration of released sodium for slCs with 3.5% naCl. 
in general, such study revealed that sodium release can be controlled 
via the convective transfer or diffusive transfer mechanisms by 
controlling the porosity and particle size of fat, respectively. 

Kuo and lee 
(2017)

slCs produced with whey protein 
isolate and anhydrous milk fat, 
using different protein (8 and 
16%, w/w), fat (0, 11, 22 %, 
w/w) and naCl (1.5 and 3.5%, 
w/w) contents, and distinct 
homogenization pressures (14 
and 55 MPa). 

evaluate the effects of 
formulation and processing 
parameters on sodium 
availability in a model lipid/
protein-based

emulsion gel, using single 
quantum and double 
quantum-filtered

23na nMr spectroscopy 

increases of protein or fat content decreased total sodium mobility, which 
was not affected by homogenization pressure. increases of protein, fat, 
or homogenization pressure led a more ordered environment 
coordinated to the “bound” sodium

and a higher relative “bound” sodium due to increased interfacial protein 
interactions 

okada and 
lee (2017)
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(Phan et  al. 2008; Busch, Yong, and Goh 2013; Kuo and Lee 
2014a, 2014b). Important studies regarding SLC gels, includ-
ing the ones shown in Table 3, revealed that the major mech-
anisms of sodium release during the breakdown of such 
systems are via serum release (governed by the gel porosity) 
and sodium diffusion (governed by particle size of fat), which 
may be modulated especially by composition and process 
variations (Kuo and Lee 2014b; Mosca et  al. 2015; Kuo and 
Lee 2017; Okada and Lee 2017). Most of the authors state 
that higher serum releases (i.e., sodium releases) are obtained 
from more porous and coarse stranded gels, especially due to 
the hydraulic permeability, which, according to the literature, 
describes the ease of fluid transport through pore spaces and 
is directly proportional to the square of the pore radius 
(Stieger and van de Velde 2013; Kuo and Lee 2014a). Even 
though increasing sodium release does not necessarily result 
in increases of saltiness perceived, as many investigations have 
shown great interindividual differences in flavor release and 
perception (Taylor 2002; Phan et  al. 2008).

In most of these studies, protein and lipid contents of the 
samples were also altered and their effects over salt release 
were observed. Regarding protein content, the conclusions 
obtained were similar to the ones obtained from SLCs, 
therefore, increases in protein concentration generally 
decreased the availability of sodium, due to higher ionic 
interactions (Lauverjat et  al. 2009; Boisard et  al. 2014), as 
well as due to the increased tortuosity of the protein matri-
ces (Kuo and Lee 2017).

In addition, alterations in fat content or particle size of 
fat also revealed to exert important effects over the extent of 
gel breakdown, and therefore, sodium release (Phan et  al. 
2008; Kuo and Lee 2014b). Previous studies verified that 
lower size of fat globules on model cheese made of rennet 
casein led to lower fracture stress and fracture energy and, 
higher concentration of sodium release (de Loubens et  al. 
2011a, 2011b; Phan et  al. 2008; Boisard et  al. 2013, 2014). 
Similarly, studies on the effects of fat/protein ratio in model 
cheeses verified that an increase in this ratio led to an 
increase in in vitro sodium release rate, in-mouth sodium 
release, and saltiness perception (Boisard et  al. 2013, 2014). 
According to the authors, such results were related to the 
weaker structure formed and the higher sodium mobility, 
which were evidenced by lower stress at maximal deforma-
tion and higher NMR relaxation times of sodium.

Conversely, according to Kuo and Lee (2014b) the process 
of saltiness perception in solid/gelled systems starts with the 
migration of sodium from the food matrix to surroundings 
(i.e., sodium release), which is mostly influenced by the initial 
availability of the sodium, its spontaneous diffusion and facil-
itated migration under matrix deformation. Due to this rea-
son, several studies have investigating the relationship between 
sodium release and structural aspects of two kinds of “model 
foods”: (I) mixed gels of proteins and/or polysaccharides 
(Stieger 2011; Kuo and Lee 2014a), and (II) EFGs (Ruusunen, 
Simolin, and Puolanne 2001; Phan et  al. 2008; Lauverjat et  al. 
2009; de Loubens et  al. 2011a; Chabanet et  al. 2013; Boisard 
et  al. 2014; Kuo and Lee 2014a; Kuo and Lee 2017; Okada 
and Lee 2017). According to Stieger and van de Velde (2013) 
these two food models represent the four major constituents 

of foods (i.e., protein, carbohydrate, fat, and water), so, they 
are extremely important and their behaviors are generally sig-
nificant for the food industry.

Even though biopolymeric gels are very important for the 
food industry, the conclusions regarding these systems, 
referred by Kuo and Lee (2017) as “nonfat model gel sys-
tem,” may have limited implications for the development of 
lipoproteic products. For this reason, many studies found in 
the literature have been investigating the effects of variating 
the formulation and processing parameters on the micro-
structures of EFGs, and its consequence over the serum and 
sodium release (Kuo and Lee 2014a; Kuo and Lee 2017; 
Okada and Lee 2017). The EFGs investigated are mainly 
SLC gels (i.e., product prototypes) or model products, 
including cheeses and sausages, which are known as by their 
high sodium content.

Several strategies in the literature have been suggested in 
gel systems to reduce salt which are summarized in Table 4, 
and graphically presented in Figure 4 and detailed here below.

Using active fillers

Emulsion droplets can be classified according to the interac-
tions they have with the biopolymer network, as active or 
inactive fillers. Active fillers can be defined as the droplets 
which interact with the gel structure due to covalent and/or 
noncovalent bonds. Conversely, inactive fillers are supposed 
to have none or very low level of interaction with the bio-
polymer network. The type of the filler in the EFGs is usu-
ally identified by uniaxial compression data. According to 
the literature, whereas the addition of inactive particles leads 
to a reduction in the value of Eg (elasticity modulus), an 
increase or decrease in the rupture strain (εH) and a decrease 
in the rupture stress (σH) of the gels, the addition of active 
particles can lead to an increase or decrease in the value of 
Eg, a decrease in εH, and an increase in σH (Oliver, Scholten, 
and van Aken 2015). Although this generalization exists and 
is widely accepted, the interpretation of the results of uniax-
ial compression tests of loaded gels is very complex, since 
the intensity of each of these effects depends on specific 
characteristics of the different loaded gels. Using octenyl 
succinic anhydride (OSA) starch-stabilized droplets as active 
fillers in starch gels, Torres et  al. (2017) obtained higher sta-
bilized and high strength emulsion gels, which can affect the 
release of lipophilic flavor and aroma molecules.

Emulsion volume fraction in the gel

Salt is primarily dispersed in the water phase and/or at the 
interface of emulsion gels, but the oil phase can enhance or 
weaken the gel network, modifying salt diffusion, and release 
during food oral processing. In a larger volume emulsion sys-
tem (higher gel strength), after a certain amount of salt is 
added, the release of salt will be significantly reduced (Zhang 
et  al. 2021). Other authors (Koliandris et  al. 2008; Kuo and 
Lee 2014a) affirmed that the increase of lipid dispersed 
throughout the protein networks results in more points of 
fracture upon compression, leading to gels with greater 
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surface area after fracture and, therefore, with greater sodium 
release. Such different conclusions emphasize the complexity 
associated to the impact of fat concentration over salt release 
of EFGs/SLC gels, especially because it depends on the sizes 
of the particles/droplets dispersed throughout the matrices.

According to Chabanet et  al. (2013), fat, being a hydro-
phobic material, may form a barrier between NaCl and taste 
receptors, preventing sodium migration and resulting in a 
decrease in perception taste intensity. Conversely, salt was 
released at lower rates in the gels with higher volume of 
emulsions. An emulsion with a higher oil fraction displayed 
a more vigorous salty intensity than an emulsion with a 
lower oil fraction. This could be explained by that the oil 
droplets in emulsions could work as fillers and reduce the 
amount of water that salt can be dissolved in, resulting in 
an increase in the local concentration of NaCl (Malone, 
Appelqvist, and Norton 2003).

Addition of biopolymers

Addition of polysaccharides to modulate texture
More recently, another strategy to improve saltiness percep-
tion was addressed by Benjamin et  al. (2018). The authors 
investigated the influence of adding polysaccharides (kappa 
carrageenan (κ-CG), iota carrageenan, locust bean gum 
(LBG), and sodium alginate (SA) or low acyl gellan (LAG)) 
on texture and salt release of model fresh cheese. The 
amount of salt released by the cheese depends on both the 
ion mobility through the pores and the strength of the pro-
tein network. Salt reduction in cheese could be achieved by 
enhancing the salt release rate by modifying cheese structure 
with polysaccharides. According to the authors, such research 
provided an important step toward the utilization of poly-
saccharides to reduce salt content in dairy products 
(Benjamin et  al. 2018). In additional, Wang, Feng, and Xia 

Table 4. strategies for salt reduction using gels and emulsion-filled gels.

strategy   
Mechanism of salt reduction and 
saltiness perception enhancement  important results  reference   

use of active fillers  Modulation of taste receptors and 
neural transmission

Certain fatty acids in fat and oil can increase saltiness by sensitizing 
sodium taste receptor cells.

Gilbertson et  al. 
(2005); Mattes 
(2009)

Gel structure octenyl succinic anhydride-modified starch-stabilized emulsion 
droplets acted as “active fillers”

torres et  al. (2017)

Control of emulsion 
volume in the gel

the structure-functionality 
relationship of the gel systems

salt was released at lower rates in the gels with higher volume of 
emulsions.

Zhang et  al. (2021)

Masking effect the effect of lipids on sodium release is negative.
lipids exert a masking effect on saltiness perception.

Chabanet et  al. (2013)

Microstructured emulsions the concentration of salt in the aqueous phase and the volume of 
the oil phase were the primary parameters controlling flavor 
perception in o/w emulsions.

Malone, appelqvist, 
and norton (2003)

Polysaccharides to 
modulate texture

Modifying food structure and texture 
with polysaccharides

interactions between polysaccharides and casein proteins changed 
the composition, texture, and porosity of the cheese, resulting in 
a dramatically altered salt release profile.

Benjamin et  al. (2018)

Brittle texture and porous 
microstructures, and 
interpenetrating structure

salt reduction in sausages can be achieved by altering textural 
qualities and microstructure with polysaccharides.

wang et  al. (2021)

textural and microstructural 
properties

replacing pork back fat with emulsion gel produced goods with 
increased fiber content and a better fatty acid profile, but it had 
a negative influence on microbiological and sensory data.

de souza Paglarini 
et  al. (2021)

Mucoadhesive and 
mucus-penetrative 
proteins and 
polysaccharides

the mucoadhesion between 
polymeric substances and mucosal 
membranes

a formulation comprising mucoadhesive carboxymethyl cellulose 
prolongs matrix adherence to the mucosa; in vitro and in vivo 
tests reveal that it also keeps the model tastant, sodium, within it 
for a longer period of time than starch and water matrices.

Cook et  al. (2018)

Change the structure to limit salt 
mobility

the high salt and sugar formulation had a higher viscosity and 
stronger gel network, achieving 99.38 ± 1.08% salt release

taylor et  al. (2019)

inclusion of emulsions 
and foams

Fat content in emulsion system diluting with oil reduced bitterness while increasing the intensity of 
salty, sweet, sour, and umami flavors.

Metcalf and vickers 
(2002)

Change the concentration of naCl in 
water phase

the increased concentration of naCl in the water phase and the 
reduced interaction of naCl with gustatory cells may explain the 
oil phase augmentation of the perceived intensity of the salt 
taste in an oil/water emulsion.

Yamamoto and 
nakabayashi (2000)

enhanced sodium delivery rates the air inclusions within hydrogels has been evaluated for its ability 
to improve sodium delivery and perception of salty taste and was 
demonstrated to achieve an 80% reduction in total sodium with 
no loss of saltiness perception.

Chiu et  al. (2015)

application of high 
energy input 
equipment

the conformational changes and the 
structural rearrangements of 
proteins

the application of high pressure processing to improve the 
functional qualities of low-fat (20%) and low-salt (1%) sausages 
without the use of additives

Yang et  al. (2015)

Change the microstructure of protein the gel properties are enhanced under certain ultrasonic treatment 
conditions, and the product texture is unaffected while salt used 
is reduced.

li et  al. (2015)

effect salt diffusion and sodium 
delivery

the salt content of pulsed electric field-treated samples was 
considerably (p < 0.05) reduced without affecting sensory quality 
and lipid-oxidative and microbial stability of the products

Bhat et  al. (2020)

Cross-modal interactions  Cross-modal suppression at lower polysaccharide concentrations and, particularly, in the 
presence of solid particles, texture-induced cross-modal 
interactions between taste and mechanosensory cues appear to 
play a crucial role in diminishing perceived taste effect.

scherf et  al. (2015)
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(2021) investigated the effect of four common polysaccha-
rides on the salt release and saltiness perception in surimi 
emulsified sausages. The κ-CG based sausage had the high-
est salt release and saltiness perception, due to the ability of 
κ-CG to form porous and interpenetrating network and pro-
mote hydrophobic interactions and formation of disulfide 
bonds. Interactions between polysaccharides and protein 
molecules result in differences in microstructure. An increase 
in the rate of salt release was observed with brittle texture 
and porous microstructures, and interpenetrating structure.

By understanding and controlling the microstructure of 
gels and EFGs it is possible to design and develop food 
products to support healthier lifestyles (Stieger and van de 
Velde 2013). According to Stieger and van de Velde (2013), 
the best model foods to investigate the influence of the 
microstructure on the oral processing and texture perception 
of food products are the ones in which the microstructure 
and texture can be independently manipulated. In their 
comprehensive review about this subject, these authors state 
that two types of structures are especially suitable for such 
an investigation: EFGs and phase separated mixed gels of 
proteins and polysaccharides. Therefore, if they are adequate 
systems for the study of the influence of the microstructure 

on the taste and texture perceptions, they are also suitable 
for the conception of food structures which can be mimetic 
to fat or control salt release. de Souza Paglarini et  al. (2021) 
reported the use of inulin-based emulsion filled gel as a fat 
substitute in low-fat, low-salt meat products with a higher 
fiber content and a healthier fatty acid profile. However, the 
samples with salt and fat reduction simultaneously scored 
lowest in sensory evaluation. It is still necessary to improve 
those properties in the further research.

Due to these microstructure characteristics, the applica-
tion of EFGs may also allow the controlled release and 
adsorption of different ingredients, including bioactive com-
pounds and sodium (Brito‐Oliveira et  al. 2017; Mao et  al. 
2020). The control of salt release and, consequently, saltiness 
perception, is a very promising alternative for the reduction 
of sodium in food formulations, which, as previously men-
tioned, is very desirable for the development of new systems 
in the food industry (Kuo and Lee 2014b). Salt reduction 
can make nonfilled gels softer and less elastic by altering 
their texture and structure. A softer gel may dissolve more 
quickly, resulting in a faster release of salt and a stronger 
perception of salt. In EFGs, oil droplets and water are held 
together by a protein matrix. The salt level of EFGs may 

Figure 4. a graphical presentation of the strategies for maximization of saltiness perception through control of chemical composition and careful structure design 
in gel systems.
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impact emulsion stability, causing oil droplets to separate 
from the protein matrix. Oil droplets may interfere with the 
feeling of salt on taste buds, affecting the salt sensation. 
Furthermore, emulsion texture might alter salt perception, as 
smoother emulsions may breakdown faster and release salt 
more quickly.

Mucoadhesive and mucus-penetrative proteins and 
polysaccharides
Mucosal membranes cover several body regions which con-
tain a mucus gel layer that represents a potential barrier for 
delivering active molecules (such as drugs) to the underlying 
epithelium (Lai, Wang, and Hanes 2009). Mucoadhesive and 
mucus-penetrative proteins and polysaccharides can work to 
enhance the taste of low-salt foods, either by adhering to 
mucosal surfaces and prolonging contact time (mucoadhe-
sive biopolymers) or by penetrating the mucus layer and 
improving the interaction between the food and taste recep-
tors (mucus-penetrative biopolymers). This can ultimately 
lead to a reduction in salt content in processed foods while 
maintaining the desired taste. For adhesion to occur, bio-
polymer molecules must bond to the tongue mucosal surface 
with the help of different chemical bonds with mucin 
(mucosal layer protein) such as ionic, covalent, hydrogen, 
van der Walls or hydrophobic bonds (Andrews, Laverty, and 
Jones 2009), thus, improving the retention time of the incor-
porated active substance and promoting a site-specific deliv-
ery (Sosnik, das Neves, and Sarmento 2014). Figure 5 
summarizes the different mechanisms by which biopolymers 
can interact with the oral mucosa to help delivering sodium.

Various food grade polysaccharides are considered as 
mucoadhesives. Examples of mucoadhesive food grade 

polysaccharides include chitosan (cationic), [sodium car-
boxymethyl cellulose (CMC), gum arabic (GA), sodium 
alginate (SA), and pectin (PE)] (anionic) and [hydroxypro-
pylmethylcellulose (HPMC), pullulan (PU), and dextran 
(DE)] (nonionic) (Patel et  al. 2003; Richardson et  al. 2004; 
Thirawong et  al. 2007; Sogias, Williams, and Khutoryanskiy 
2008; Yehia, El-Gazayerly, and Basalious 2009). The design 
of sodium or sugar containing biopolymer systems with 
high mucoadhesive ability can prolong the time these 
tastants are in contact with taste receptors on the tongue, 
thus, increasing saltiness perception.

In pharmaceutics, mucoadhesives can be incorporated 
into various formulations such as tablets, patches, films, 
sprays and viscous liquids containing an active pharmaceu-
tical ingredient (API). However, mucoadhesives has not 
been fully exploited by the food industry as a mean of 
retaining small molecules/tastants, such as sodium or sugar 
as a strategy for improving saltiness, sweetness or flavor 
perception. CMC as a mucoadhesive polysaccharides, has 
been investigated as salt substitutes in various food prod-
ucts. Cook et  al. (2018) reported that CMC can prolong the 
adherence of the matrix to the mucosa; it also retains the 
model tastant, sodium, for a longer period than starch and 
water matrices. The release of flavor molecules from the 
matrix is influenced by the polysaccharide’s viscosity and 
swelling capacity. Chitin nanomaterials have the ability to 
adsorb negative ions, increasing the volume of free Na+ ions 
in the system (Taylor et  al. 2019), and as a consequence, 
salty perceptions increases. Tsai et  al. (2019) discovered a 
beneficial connection between saltiness perceptions and the 
quantity, surface area, and degree of deacetylation value of 
chitin nanoparticles.

Figure 5. the different mechanisms by which biopolymers can interact with the oral mucosa to help delivering sodium.
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Relatively little is known about the mucoadhesive ability 
of amphoteric polymers such as proteins. It is believed that 
amphoteric polymers have poor ability to adhere to mucosal 
surfaces due to the self-neutralisation between cationic and 
anionic groups present within their macromolecules 
(Khutoryanskiy 2011). Mucoadhesion of milk proteins has 
been reported in a study (Withers et  al. 2013) which inves-
tigated the binding of different milk proteins to distinct 
areas of the tongue in an attempt to explain negative sensory 
attributes such as drying. However, there is still a lot to 
explore in this area.

Mucus penetration (MP) shows a high spreading ability 
of the biopolymer over the mucosa and can penetrate 
deeper mucus regions, eventually reaching the underlying 
epithelium (Dünnhaupt et  al. 2015; Yamazoe, Fang, and 
Tahara 2021). MP has emerged as a technique for engi-
neering nanocarriers to overcome the mucus layer barrier 
in the gastrointestinal tract, thus significantly improving 
the bioavailability of therapeutics. Importantly, this find-
ing can be used for food applications to improve saltiness 
and sweetness perception. It was reported that high 
amounts of GA enable a 30% reduction in the salt content 
of liquid and semisolid foods (yogurt drink and mayon-
naise) through its mucus-penetrating ability without alter-
ing the saltiness perception (Li, Wan, and Yang 2019). 
The findings suggested that formulations containing GA 
could enhance the saltiness perception based on their MP 
property.

The use of mucoadhesive and mucus-penetrative pro-
teins/polysaccarides as a strategy for reducing salt intake 
is still in the early stages, and further research is needed 
to fully understand their potential. This can enhance the 
taste perception of low-salt foods by improving the inter-
action between the food and the taste receptors, similar to 
how mucoadhesive proteins and polysaccharides work.

Inclusion of emulsions/foams in the dispersion

The presence of suspended colloids (emulsions/foams) 
within a liquid dispersion can either increase or decrease 
the perceived saltiness of a liquid food product (Malone, 
Appelqvist, and Norton 2003). The inclusion of emul-
sions/foams into a liquid dispersion is regularly found to 
increase saltiness perception when the total amount of salt 
in the product is kept the same. This was specially high-
lighted through the investigation developed by Chiu et  al. 
(2015), who evaluated the incorporation of air as a filler 
particle within hydrogels, produced with type B bovine 
gelatin and whey protein isolate, and its impact on the 
temporal delivery of salt and congruent aroma delivery 
in-nose, and its resulting impact on saltiness and overall 
flavor perception. The authors verified that the addition 
of air within hydrogels enhanced the delivery of sodium 
and perception of saltiness and allowed an 80% reduction 
in total sodium with no loss of saltiness perception. The 
conclusions revealed that air inclusions may be used as an 
alternative to increase both the delivery and perception  
of salt and aroma, and also increase overall flavor 
perception.

Application of high energy input equipment

Even though optimizing salt release is important for sodium 
reduction in meat preparations such as sausages, alterations 
in formulation for this type of product demand more effort, 
considering that salt is necessary during the processing to 
induce structural changes through electrostatic interactions 
between muscle proteins and sodium and chloride ions 
(Marchetti et  al. 2015; Yang et  al. 2015). In processed meat 
products, such as meat batters, salt is normally added at 
concentrations between 1.5% and 2.5% to improve solubility 
of myofibrillar proteins, increase water binding capacity, 
gelation, fat retention, and decrease the cooking loss 
(Ruusunen and Puolanne 2005; Desmond 2006). A major 
concern is that the reduction of salt concentrations in sau-
sages may lead to decreases in extracted and solubilized 
myofibrillar proteins, affecting the functionality of the meat 
system (Marchetti et  al. 2015).

In addition to above strategies, salt reduction can also be 
achieved through different processing methods. There are 
successful strategies to reduce salt in food products by high 
energy input equipment, such as ultrasound and 
high-pressure, and pulsed electric field (PEF) among others. 
In this context, the most recent studies involving low-sodium 
sausages focus on investigating the application of different 
techniques to increase the functional properties of such 
products, including, for example, high pressure processing 
(Bolumar et  al. 2013; Tokifuji et  al. 2013; Yang et  al. 2015), 
and not necessarily finding alternatives to increase serum/
sodium release, which is the focus of this section of the 
present review.

Yang et  al. (2015) studied the use of high-pressure pro-
cessing to improve the functional qualities of reduced-salt 
(1%) sausage. At certain condition of high-pressure, the 
highest scores for sensory evaluation were observed even the 
salt content level was lower than normal. According to a 
previous study, high pressure accelerates the creation of salt 
bridges between myofibrillar proteins (Tokifuji et  al. 2013), 
which may be due to high-pressure treatment’s capacity to 
induce and increase in myofibrillar protein solubilization as 
a result of partial protein depolymerization, aggregation, and 
unfolding, which results in the production of a more stable 
gel matrix (Sikes, Tobin, and Tume 2009).

Ultrasound has the potential to deliver higher salt per-
ception even with lower overall salt content by improving 
salt distribution. Li et  al. (2015) reported that, compared 
with the control chicken meat batter (2% salt), ultrasound 
treatment for 20 min with reduced salt (1.5%) had not sig-
nificant effect (p > 0.05) on texture, cooking loss or water 
holding capacity of chicken meat batter. Conversely, ultra-
sound technology significantly changed the gel network for-
mation and gel elasticity to achieve salt reduction.

PEF is a novel technology in the food processing indus-
try, PEF treatment improved saltiness by regulating salt dif-
fusion and sodium delivery without affecting sensory quality, 
lipid oxidation and microbiological stability of the products, 
according to Bhat et  al. (2020). The PEF treatment has 
shown the potential to make changes to protein structure 
and function, modify product microstructure, and enhanced 
membrane permeability and mass transfer processes. The 
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type of protein, product composition, and the relationship 
between instrument processing parameters and product 
properties are all important factors for salt release and salt-
iness perception, additional work needs to be performed.

Cross-modal interactions

Cross-modal interaction refers to the way in which different 
sensory modalities, such as sight, sound, taste, touch, and 
smell, interact and influence each other. In the context of salt 
release, cross-modal interaction refers to the way in which 
sensory information from multiple modalities is integrated to 
create a perception of the taste of salt. It plays an important 
role in the perception of saltiness and other flavors in food, 
and understanding these interactions can be important for 
creating foods that are both delicious and nutritious.

The perception of saltiness is not solely determined by 
the chemical composition of salt but is also influenced by 
factors such as texture, temperature, and the presence of 
other flavors. The texture and temperature of food can 
affect how readily salt dissolves and how it is distributed in 
the mouth, which can in turn affect the intensity and dura-
tion of the perception of saltiness. In addition, the pres-
ence of other flavors can interact with the perception of 
saltiness through a phenomenon called "flavor enhance-
ment" which can be used as one of the strategies for reduc-
ing salt. Cook et  al. (2018) presented that aroma intensity 
is dependent on the perception of a congruent tastant. 
Texture-induced cross-modal interactions between taste 
and somatosensory cues appear to play a key role in reduc-
ing perceived taste impact, especially at lower polysaccha-
ride concentrations or in the presence of solid particles 
(Scherf et  al. 2015).

There are barriers to reducing salt in food through 
cross-modal interaction, particularly in gels. Salt helps to reg-
ulate the balance between attractive and repulsive forces 
between protein molecules, which affects the gelation process 
and the resulting texture and stability of the gel. However, 
there are also ways to overcome these barriers and reduce salt 
in gels while still maintaining their texture, stability, and fla-
vor. For example, replacing some of the salt with other flavor 
enhancers, such as glutamates or nucleotides, can help to 
maintain the perception of saltiness and enhance other flavors 
in the gel. Alternatively, other techniques, such as adjusting 
the pH or incorporating different functional ingredients, can 
also be employed (Jimenez-Colmenero et  al. 2010).

Conclusions and prospects

In gel systems, salt release is influenced by many factors 
including the chemical composition of the product matrix 
(e.g., the content of salt, fat/oil, carbohydrate and moisture) 
and the environment where the salt is located (e.g., 
Inhomogeneous distribution, salt–biopolymers interactions, 
rheological behavior, texture, and product matrix). In complex 
food systems, charged segments of biopolymers can interact 
electrostatically with sodium. While this interaction is pre-
ferred for processing, it affects the release of sodium and its 

transportation to the taste buds on the tongue. Saltiness per-
ception is influenced by the mobility of sodium salt and pos-
sible release during mastication. The first stage of this entire 
oral processing (i.e., migration of sodium from the solid foods 
to surroundings) is crucial and there are enormous number of 
ways through which the gelled matrices may be altered to 
improve sodium release, and, consequently, to allow salt 
reduction in such important products. Many approaches have 
been investigated for sodium reduction in gelled matrices, 
including the use of salt replacers and application of aroma–
taste interaction strategy. However, one of the most promising 
alternatives for the reduction of salt in such systems consists 
in promoting the efficient sodium release, considering that 
70% to 95% of sodium could still remain within the matrix 
right before being swallowed, not contributing for saltiness 
generation. Understanding food structure design (formation) 
and rheological/textural response to applied stress (deforma-
tion) may help designing food products with enhanced salt 
release and saltiness perception. Altering food structural 
design can affect sodium distribution and release by altering 
gel porosity, microstructural organization, grade of fragmenta-
tion and intermolecular interactions. Several strategies have 
been applied to enhance saltiness perception in biopolymer 
gel systems through redesigning food structure. These include 
the use of different active fillers, controlling the oil volume 
fraction of EFGs, the use of biopolymers such as polysaccha-
rides to modulate gel microstructure or as mucoadhesive or 
mucus penetrating to help prolong saltiness perception (muco-
adhesion) or accelerate salt travel to taste buds (mucus pene-
tration), the inclusion of emulsions/foams in the dispersion, 
the application of high-energy methods and cross-modal 
interactions. Research in these areas is still at initial stages 
and further input is still needed.
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