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Abstract
Due to the absence of gluten, several challenges arise during gluten-free (GF) bread baking, affecting the mid-and-end-
product quality. The main approach to overcome this issue is to combine certain functional ingredients and additives, to 
partially simulate wheat bread properties. In addition, the optimization of the baking process may contribute to improved 
product quality. A recent and very promising alternative to conventional baking is the use of ohmic heating (OH). Due to its 
volumetric and uniform heating principle, crumb development during baking and consequently bread volume is improved, 
which enhances the overall GF bread quality. Depending on the GF formulation, critical factors such as the electrical con-
ductivity and viscosity of the batter may vary, which have a significant effect on the OH process performance. Therefore, 
this review attempts to provide a deeper understanding of the functionality of GF bread ingredients and how these may affect 
critical parameters during the OH processing.

Keywords  Gluten-free bread · Ingredient functionality · Ohmic heating · Electrical resistance heating · Electrical 
conductivity · Viscosity

Introduction

GF products have been gaining interest among scientists, 
especially in Western countries, where the demand towards 
these products is increasing. Due to the absence of gluten, 
significant problems (e.g., poor handling of the batter) arise 
during the production of GF bread. GF batters are character-
ized by less viscous, cohesive, and elastic properties, com-
pared to wheat doughs [1], which consequently lead to poor 
bread volume, inadequate color, and a crumbling crumb.

To overcome this problem, much research has focused 
on finding suitable GF formulations and baking conditions 
to achieve a quality comparable to wheat bread. For this 
purpose, different approaches have been applied, such as 
the use of several ingredients or additives, as well as adapta-
tion of the processing conditions, e.g., baking technology. 
The most recent and promising technological approach is 
the use of OH. OH, also called electrical resistance heating, 
is an emerging technology that transforms electrical energy 
into thermal energy. In food, heating is mainly generated 
by the conductive movement of ions within the food matrix 
[2]. Only a few fundamental studies that successfully used 
OH for GF bread baking have been reported [3, 4]. These 
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have shown a significant improvement in bread volume and 
crumb properties when using this technology.

Previous studies have identified critical factors that affect 
OH of food, such as the electrical conductivity, composition, 
and viscosity of the food [5]. Nevertheless, fundamental 
knowledge about the potential role of GF ingredients during 
ohmic baking and subsequently on the resulting GF bread 
quality is still scarce. Therefore, this paper intends not only 
to provide an overview of available studies in this respect, 
but to elaborate knowledge and understanding of underlying 
factors that should be considered when using this technology 
for GF baking. Specifically, it is the aim to understand the 
effect of GF bread ingredients on the alteration of the elec-
trical conductivity of the food matrix and on the resulting 
OH process to provide a fundamental theoretical basis for 
subsequent studies on this topic.

Gluten‑free batter and bread properties

In wheat dough, gluten plays an essential role in forming a 
strong protein network that contributes to the desired viscoe-
lasticity of the dough [6]. The absence of gluten has a severe 
impact on the rheological properties of GF batters, leading 
to a lower viscosity, cohesiveness, and elasticity of the batter 
[1]. As GF bread properties strongly rely on starch and flour 
properties, handling and producing the batter/bread become 
difficult. Most available research has focused on mimicking 
the gluten network by applying a wide range of ingredients 
and additives to improve GF bread characteristics. Starch-
rich ingredients, hydrocolloids, emulsifiers, and (isolated) 
proteins are typical ingredients that are used to provide an 
optimal batter and bread structure [7].

The quality of GF bread is mainly influenced by the 
amount and properties of starches and/or flours, which 
increase the foam stability of the batter by enhancing its 
viscosity [8]. Most GF batters have a higher water content 
than wheat doughs, which is necessary to ensure proper 
starch gelatinization upon baking [9]. The amount of water 
alters the rheological properties of GF batter by decreasing 
its solid-like behavior and reducing its viscoelastic proper-
ties (decrease of storage (G’) and loss modulus (G”)). This 
partly influences other rheological properties such as tan 
δ, consistency and the viscosity of (GF) batters which are 
important for the final bread quality. An opposite behavior 
is seen in gluten-containing (wheat) doughs, where the vis-
coelastic properties are developed without modifying the 
tan δ (G″/G′); in this case, water has a plasticizing effect on 
the dough [7].

The influence and effect of GF batter viscosity on result-
ing GF bread properties are still not fully understood yet. 
Previous studies have attempted to mimic the viscoelastic 
properties of wheat dough by adding functional ingredients 

to GF batter formulations (see Table 1), resulting in differ-
ent effects. Some studies have reported that higher batter 
viscosities improve GF bread properties, while other studies 
found no or opposite effects. Ronda et al. [10] stated that 
the specific volume of GF bread was positively correlated 
with tan δ and negatively correlated with the storage modu-
lus (G′). Meanwhile, Matos and Rosell [11] found that a 
higher dough consistency limited dough expansion, result-
ing in lower bread volume. It seems that a higher viscosity 
increases gas holding capacity and foam stability, while an 
exceeding viscosity in GF batters might again limit its ability 
to expand during proofing. Previous studies have shown that 
batters with a solid-like behavior generally led to higher GF 
bread quality, when baked conventionally. However, Wazii-
roh et al. [12] highlighted that in the case of ohmic baking, 
GF batters with liquid-like behavior were more suitable for 
baking with ohmic heating, as this promoted the ion move-
ment necessary for heating. Overall, research above shows 
that more profound knowledge and understanding of suit-
able viscosity ranges for GF batter is important, but further 
investigations are required in this respect.

Critical parameters during OH

OH is a volumetric heating method that is based on an elec-
trical current passing through a food matrix. This principle 
results in faster and more uniform heating compared to con-
ventional heating which is based on convection, conduction, 
and radiation. The advantages of OH also include a shorter 
processing time and a reduced overall thermal load, which 
may contribute to better retention of the food quality, e.g., 
nutritional properties [2].

Important parameters used during OH are the alternat-
ing current frequency, the applied voltage, the heating rate 
and the temperature to which the food material is heated 
[18–20]. Usually, high-frequency ranges above 10 kHz are 
used to control the corrosion of the electrodes, as reported 
by several authors [19–21]. This is explained by Icier [22] as 
higher frequencies reduce the cycle time, which simultane-
ously restricts the electrochemical reactions occurring near 
the electrode.

According to Palaniappan and Sastry [23], the most 
critical property for heating food with OH is its electrical 
conductivity. Conductivity is a function of temperature, fre-
quency, and product composition, which increases linearly 
with temperature [24–26]. Icier [22] highlighted that pH, 
food composition, total solid content and viscosity signifi-
cantly affect the electrical conductivity of liquid food. For 
solid–liquid foods, particle dimension, density, and the pro-
portion of electrical conductivity of liquid and solid particles 
are critical factors.
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In general, OH depends on the conductive properties of 
food, especially on the ionic composition/content of the food 
matrix [27]. Ionic compounds such as salts and acids that are 
dissociated in solution into Na+/K+, H+, or Cl− ions enhance 
the electrical conductivity of the food matrix [27, 28]. Fryer 
et al. [25] stated that the efficiency of OH increases with 
salt concentration, as it changes the electrical resistance 
and therefore, the heating rate. In contrast, non-polar com-
ponents such as fats, oil, alcohol, and sugar will decrease 
the electrical conductivity of the food [19, 22, 27]. Halden 
et al. [5] affirmed that the melting of fats and the transition 
of starch, as well as the cell structural changes, could also 
influence the electrical conductivity of the food matrix.

The total solid content and viscosity of liquid food gen-
erally affect the electrical conductivity and the OH rate 
[29]. In particular, the dissolved solid content significantly 
influences the consistency and, therefore, the conductivity 
[30]. Li et al. [31] discovered a negative correlation between 
the viscosity and conductivity of a starch suspension dur-
ing starch gelatinization using OH. As the viscosity of the 
starch suspension increased, the accessibility of unbound 
water decreased, reducing the mobility of the ions and elec-
trical conductivity simultaneously, which caused a decrease 
in the heating rate [32, 33].

Waziiroh et al. [12] investigated the correlation between 
GF batter viscosity and electrical conductivity at 25 °C. 
Results showed that less viscous GF batters displayed 
higher electrical conductivities than those made with less 
water. This was explained by the higher water content of 
low-viscosity batters, which have a dilution effect on the 
ions, enhancing ion mobility and therefore reducing electri-
cal resistance. Similarly, Li et al. [31] studied the electrical 
conductivity of starch during gelatinization. During heating, 
the electrical conductivity of starch solution increased. As 
the starch started to gelatinize, the electrical conductivity 
reached a plateau. This phenomenon could be explained due 
to the rapid increase of water-binding during gelatinization, 
which led to an increased viscosity and reduced the mobility 
of ions and eventually the electrical conductivity.

The application of OH for baking is still scarce and 
only few investigations have focused on bread baking (see 
Table 2). To successfully apply OH for baking, the behavior 
of batter ingredients on critical factors (e.g., conductivity, 
viscosity) during the heating process needs to be understood. 
This is especially challenging in bread, as this food matrix 
progressively transitions from a liquid to a solid-state dur-
ing heating. First trials have already suggested that rapid 
and uniform baking enhances GF bread properties [4]. How-
ever, for full exploitation of this OH technology and suc-
cessful application for GF baking, further detailed research 
is necessary to gain knowledge about the role and behavior 
of the batter ingredients to predict its performance during 
ohmic baking. Past studies have already revealed that starch, 

protein, salt, water, and yeast, which are major ingredients 
for GF bread making, significantly alter critical factors of 
food during OH, which will be used as a basis for discussion 
in the following chapters.

Effect of gluten‑free batter ingredients 
on the ohmic heating process

Starch

Starch and flour are the major components in GF bread. 
Chaiwanichsiri et al. [32] suggested that the composition 
of starch could influence the electrical conductivity of food 
during OH. Starches contain a small amount of phosphate 
groups bound to amylopectin, which could serve as free 
ions and modify the electrical conductivity of starch dur-
ing gelatinization. According to Wong et al. [28], potato 
starch contains significant amounts of phosphorus, more 
than any other starches, affecting its gelatinization tem-
perature during OH. The phosphorus in potato starch is a 
negatively charged phosphate ester that along with an elec-
tric field, could accelerate starch granule disintegration 
and water diffusion into the starch granule and decrease 
the crystalline stability during heating.

To understand how starch-rich ingredients might be 
affected by the OH process, several properties that affect 
starch gelatinization and swelling need to be considered, 
e.g., amylose/amylopectin ratio, the particle size of the 
starch granule, or the amount of starch damage.

Starch and flour have shown similar pasting proper-
ties when heated with OH. However, the proportion of 
other components (e.g., protein, lipids) which are natu-
rally present in the flours/starches or added to the GF for-
mulation, will significantly affect its pasting properties. 
In general, lipids and GF proteins will delay the granule 
swelling, causing less amylose leaching and increasing 
the gelatinization temperature [32]. These components 
may also interact with amylose, delay starch gelatiniza-
tion, decrease its electrical conductivity, and may increase 
the OH cooking time. An and King [39] identified a dif-
ference of the gelatinization temperature during OH of 
starch suspensions depending on their amylose content. 
The ratio between amylose and amylopectin affects physi-
cal properties of starch such as swelling, gelatinization, 
and retrogradation [40].

Additionally, He and Hoseney [37] affirmed that starch 
gelatinization led to less water availability, decreased ion 
mobility, increased dough resistance, and, consequently, 
decreased the electrical conductivity. Martin et al. [36] 
stated that the starch granules extracted from ohmic-baked 
bread were less swollen and not deformed compared with 
starch granules from conventional-baked bread. This was 
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caused by insufficient water or temperature to melt starch 
crystallites, leading to an underbaked ohmic bread. Addi-
tionally, Bender et al. [4] highlighted that OH displayed a 
higher heating rate than conventional heating, resulting in 
inadequate time and water hydration of starch to swell and 
solubilize. This phenomenon caused improper starch gelat-
inization and reduced starch digestibility of ohmic-baked 
bread. Therefore, adjusting the starch:water ratio, power 
input, temperature and holding time profile of ohmic bak-
ing is considered as a critical condition for assuring suitable 
processing conditions and end-product quality.

Another important factor that affects electrical conduc-
tivity is the starch granule size. Morales-Sánchez et al. [33] 
measured the electrical conductivity of different starch sus-
pensions with differing granule sizes, such as rice, corn, and 
potato starch. Smallest and largest starch granule sizes were 
seen in rice and potato, respectively, while corn exhibited 
both small and large granules. It was observed that the elec-
trical conductivity increased with the smallest granule size 
(rice) and decreased with the largest granule size (potato).

Damaged starch is an important parameter that could 
influence the electrical conductivity of a food matrix. It 

represents the number of starch kernels physically broken 
or fragmented during the milling process. A higher amount 
of damaged starch caused an increase in viscosity, reduced 
the movement of ions, thus electrical conductivity and prob-
ably heating rate [31]. Furthermore, the amount of dam-
aged starch was also correlated with water holding capacity 
(WHC) of a sample, but is not affected by the type of heating 
method as seen by Da Silva et al. [40]. These authors found 
that the WHC of an ohmic heated sample was not different 
from the conventionally heated starch, concluding that WHC 
is only affected by the starch properties and not by the heat-
ing method.

Starch can be modified by chemical, physical and enzy-
matic means to improve its functional properties, such as 
its viscosity, gelling, or pasting properties. Li et al. [31] 
reported that the electrical conductivity of native and pre-
gelatinized starch differed from each other. Native starch 
had higher electrical conductivity than pre-gelatinized starch 
due to its poor solubility and lower water-binding capac-
ity, resulting in lower slurry viscosity, specifically in cold 
water below 50 ℃. Although there are several studies that 
investigate the effect of OH on starch granule structure, no 

Table 2   Investigations that have used OH for producing or studying selected properties of baking goods

Focus of study Baking good Critical parameter Most significant finding References

OH assisted proofing Wheat bread Controlling the heating rate to reduce tem-
perature gradients

Voltage intensity

Lag phase time stage during proofing was 
shortened, eventually reduced fermentation 
time

[34]

Moisture distribution 
within crumb

Wheat bread Temperature gradients
Crust availability
Amylose:amylopectin ratio

Moisture in OH breads was lower than con-
ventionally baked breads, as OH breads were 
crustless. Amylopectin influenced retrogra-
dation and water migration during storage

[35]

Crumb formation GF Bread GF bread formulation
Protein
Viscosity of batter
Density during fermentation

Bread volume and crumb structure depended 
on the balance between CO2 release and 
crumb setting during baking. Egg white 
proteins improved gas cell stabilization

[3]

Crumb firming Wheat bread Baking time
Presence of shortening
Crumb moisture content
Moisture migration

Crumb firmness of conventionally baked 
breads were higher than OH-baked breads 
after 24 h of storage

[36]

Bread baking Wheat bread Temperature gradients
Input power
Porosity of batter

Heating methods affected the CO2 release of 
dough. A higher dough expansion was seen 
using OH. The electrical resistance of dough 
containing yeast was higher than dough 
without yeast

[37]

Wheat bread Temperature
Salt content
Dough porosity

The importance of the formulation and fer-
mentation of dough for the development of a 
baking method OH was highlighted

[38]

GF bread Power and holding time profile during baking OH demonstrated better GF bread quality 
and starch digestibility than conventionally 
baked bread

[4]

GF bread Functional properties of starch/flour
Starch/flour:water ratio

Water content or viscosity ranges influenced 
final ohmic-baked bread properties. Tuber 
and cereal starch/flour exhibited different 
rheological behavior and water requirement

[12]
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studies using modified starches have been carried out yet. 
Some studies have focused on characterizing the dielectric 
properties of starch. Dielectric properties are a critical vari-
able in microwave heating that describe the interaction of 
food with microwave electromagnetic radiation [41–43]. It is 
indirectly correlated with electrical conductivity, since both 
are affected by similar factors such as water content, viscos-
ity, and starch-phase transition. Miller et al. [41] investigated 
the dielectric properties of esterified or etherified starches 
with differing degrees of chemical substitution (acetate, 
phosphate, quaternary, and tertiary ammonium or octenyl-
succinate) and at different starch-to-water ratios. Results 
showed that the type of chemical modification influenced 
the dielectric behavior of starch to a greater extent than the 
starch–water ratio.

Dietary fiber, sugar, and hydrocolloids

Dietary fibers (DF), sugars and hydrocolloids are commonly 
added to GF bread. These do not only improve the nutri-
tional value of GF bread but also enhance some of its qual-
ity parameters like specific volume, crust color, and crumb 
structure [44]. The addition of DF may play a role during 
the OH process, as it will influence the viscosity of the bat-
ter due to its water holding properties. This could affect the 
ion mobility during OH as described before (see “Critical 
Parameters during OH”). Moreover, DF also affects starch 
gelatinization, limiting starch swelling and therefore rais-
ing its gelatinization [45, 46]. Until now, there has been no 
research that characterizes how DF influences the electrical 
conductivity of food during OH, but several properties (e.g., 
particle size, structure, and amount of available water) need 
to be carefully considered, especially in the case of bakery 
products such as GF bread.

Regarding the effect of sugar, some studies have been 
carried out to estimate the influence of this component on 
the OH process. Overall, it is known that sugar decreases 
the electrical conductivity of the food matrix due to its non-
ionic components [23, 47]. Makroo et al. [48] evaluated 
the effect of sugar on the electrical conductivity of mango 
puree. The result showed that sugar decreased the electrical 
conductivity, possibly due to the ability of sugar to bind 
water and increase the viscosity, limiting the ion mobility. 
Additionally, Poojitha and Athmaselvi [49] stated a higher 
concentration of sugar decreased the electrical conductivity 
of banana pulp. In general, sugar is widely used in yeast-
leavened bakery products as a substrate for yeast. As sugar 
is added in small amounts (2%) in bakery products, its influ-
ence on the electrical conductivity of the batter compared to 
other ingredients, is questionable.

The most commonly used hydrocolloids in GF baking 
are hydroxypropyl methylcellulose (HPMC), carboxym-
ethylcellulose (CMC), psyllium, carrageenan, xanthan 

gum, guar gum, or locust bean gum. The ability of the 
hydrocolloids to improve the batter properties depends on 
the type of hydrocolloids used, its interaction with other 
food components and the process conditions during baking 
[7]. Similar to DFs, hydrocolloids will influence the past-
ing properties, gelatinization, swelling and staling of GF 
bread [9]. Ren et al. [14] investigated the effect of methyl-
cellulose and psyllium on the rheological properties of GF 
rice batter and bread quality. Apart from the type of hydro-
colloid, water level should be well adjusted to obtain desir-
able rheological GF batter properties. High water addition 
levels led to low dough stability, overexpansion and weak 
crumb structure. In contrast, low water addition resulted 
in high rigidity of dough, excessive air entrapment during 
mixing, and restrained gas cell expansion. Both conditions 
showed poor GF bread quality, such as low bread volume, 
high crumb firmness and non-uniform pore structure.

Only a few investigations have been carried out to study 
the behavior of hydrocolloids during OH. Marcotte et al. 
[27] studied several hydrocolloid solutions, including 
carrageenan, xanthan, pectin, gelatin, and starch, during 
ohmic heating. The results showed that the hydrocolloid 
concentration had a crucial influence on viscosity, and 
subsequently on electrical conductivity and heating rate. 
With increasing concentration, the apparent viscosity, 
electrical conductivity, and heating rate of the solutions 
increased, resulting in a shorter heating time.

Several factors such as ionic charges, ash content and 
pH might explain the differences in conductivity between 
hydrocolloids [23, 27], as seen in Table 3. Marcotte and 
Trigui [50]. have evaluated the effect of citric acid addition 
on the electrical conductivity of hydrocolloids at different 
pH values but revealed only small differences in electrical 
conductivity between samples. Overall, hydrocolloid prop-
erties like structure, ion charge, and ash content should be 
considered for ohmic heating, as they significantly affect 
the heating process.

Protein

Proteins are widely used in GF formulations to substitute 
gluten functionality and improve bread properties, such as 
crumb structure and volume. This improvement is attributed 
to its outstanding foaming properties, which stabilize and 
increase CO2 retention within the batter [6]. According to 
Wilde [54], two fundamental aspects need to be controlled 
during foaming: foam formation and foam stability. Foam 
formation is related to the number and size of gas cells in the 
batter, while foam stability is related to the preventive action 
to inhibit coalescence, drainage, and disproportion within 
gas cells. The formation and stability of a foam mainly rely 
on the functional properties of the protein, especially on 
its molecular weight and hydrophobic activity [54]. Lower 



1027European Food Research and Technology (2022) 248:1021–1034	

1 3

molecular weights facilitate the protein diffusion to the 
bubble interface area, and higher protein hydrophobicity 
increases foam stability by lowering the surface tension 
between the phases. Additionally, the electrical charge of 
the amino acids within the protein significantly affects pro-
tein solubility, which later affects foaming, emulsification, 
and gelling [55].

The application of protein in GF bread (based on cassava 
starch, potato starch, or rice flour batters) baked by OH was 
investigated by Masure et al. [3]. They found that the addi-
tion of egg white protein improved gas cell stabilization, 
increased loaf volume and contributed to a finer pore struc-
ture. However, the effect of these proteins on the OH pro-
cess was not studied. Moreover, the amount of air stabilized 
within the foam is decisive during OH, as excessive bub-
ble formation may hinder or even limit its application and 
decrease the electrical conductivity [38]. According to Muc-
chettict et al. [56], protein has a net charge, but the electrical 
conductivity of proteinous foods such as milk and whey is 
mainly due to its soluble salt fraction and water content. The 
contribution of protein to the electrical conductivity of milk 
and whey is assumed to be small.

Li et al. [57] investigated the effect of OH with differ-
ent voltage on functional properties of soymilk protein. The 
results showed that protein structure and functional proper-
ties in soybean milk greatly changed depending on applied 
voltage and compared to the traditional heat treatment. How-
ever, the authors applied no comparable temperature–time 
profiles, so it is difficult to conclude on distinct electric field 
and thermal effects. Alampresse et al. [58] performed batch 
and continuous processing of egg protein by OH. Despite 
the expected changes of egg protein resulting from thermal 
treatment, samples processed by OH showed an increased 
apparent viscosity, better foaming capacity and continuous 
OH treatment resulted in samples with better color reten-
tion. The authors emphasized the need to optimize applied 
temperature–time combinations to develop effective and 
efficient pasteurization processes with maximized microbial 
inactivation and minimized detrimental effects on functional 
properties.

Overall, it can be summarized that proteins significantly 
influence the foaming properties, viscosity, and electrical 
conductivity of food matrices. Further investigations to 
comprehensively explain the role of protein and its foaming 
properties during OH still need to be conducted.

Fat and emulsifiers

Small amounts of fat in bread can significantly improve 
bread properties, in particular in GF bread. Most GF bread 
contain at least twice as much fat than wheat bread. Fat com-
ponents typically added to bread are shortenings, emulsi-
fiers, or naturally present in the flour/starch ingredient. The 
main role of fat is to stabilize the gas cells in the GF bat-
ter during proofing. Additionally, it serves as a lubricant 
between the particles in the batter, decreasing resistance 
towards mixing by lowering batter consistency. During the 
first stage of baking, fat melts and hinders the water absorp-
tion of starch, which in turn delays starch gelatinization and 
increases the time of bread expansion [59].

According to Houben et  al. [60], different types of 
fat influence the GF bread to a different extent, which is 
mainly attributed to the chemical properties of the fat. 
Margarine addition (solid fat, higher content of short-chain 
fatty acids) increases the gas binding capacity. In contrast, 
vegetable oil (liquid, higher content of long-chain fatty 
acids) decreases the starch swelling properties resulting 
in a softer crumb and higher bread volume. Leissner [61] 
highlighted that solid fat significantly influences bread 
volume, while no effect was seen with liquid fat. Moreo-
ver, Smith and Johansson [62] stated that a high amount 
of solid fat in bread decreased its staling rate. Previous 
studies related the effect of fat types on bread quality is 
displayed in Table 4.

A special consideration has to be given to fat when 
applying OH, as this nutrient is a non-conductive compo-
nent, which reduces the electrical conductivity of the food 
matrix, influencing the heating rate and thus cooking time. 
The fat concentration of the food matrix is very important, as 
it might limit the application of OH. According to Bozkurzt 
and Icier [70], who studied the influence of fat during OH 
of meat, fat might also create barriers for the passage of the 
electrical current. Halden et al. [5] reported that the electri-
cal conductivity of food was changed after the fat compo-
nents melted in the course of OH.

Several studies of the effect of fat on OH have been con-
ducted in meat, but until now, there is no available research 
on the role of fat during ohmic baking. Since the electri-
cal conductivity of the food is affected after the melting of 
the fat component, the source and properties of fat could 
play a decisive role. Different chemical compositions of the 
fat/oil/lipid (fatty acid spectrum: amount and chain length, 
degree of saturation) or its modification (e.g., fractionated, 

Table 3   Ion charge and ash content of selected hydrocolloids

Hydrocolloids Ionic charge Ash content (%) References

Carrageenan Ionic 20.00 [27]
Xanthan Ionic 8.70 [27, 51]
Psyllium Non-ionic 3.80 [52]
Alginate Non-ionic [53]
CMC Non-ionic 0.70 [53]
HPMC Non-ionic [53]
Starch Non-ionic 0.60 [27]
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hydrogenated) define its physical properties like physical 
state (solid or liquid) or melting point/range, which should 
be considered, as they may have different effects during 
ohmic baking.

Emulsifiers are often applied in (GF) bread baking and 
added in small amounts (0.5–2%). They are responsible for 
stabilizing batter viscosity, which improve bread volume. 
They also favor the development of a stable and regular 
bread crumb and delay bread staling, due to its ability to 
interact with starch, protein and fat within the bread dough/
batter [54].

From a chemical point of view, emulsifiers are lipids 
(e.g., lecithin, mono and di-glycerides) and show amphi-
philic structures. As lipids, their effect during OH will be 
similar to lipids, exhibiting very poor electrical conduc-
tivities. As some proteins have emulsifying properties too, 
their effect will probably be defined by their molecular size, 
charge and its influence on batter viscosity as described 
before (see “Fat and emulsifiers”). One study of de Figue-
iredo Furtado et al. [71] investigated the effect of OH on the 
emulsification activity of lactoferrin. The ohmically heated 
lactoferrin showed a similar denaturation behavior to con-
ventional heating. Differences were seen in the aggregation 
of proteins, as smaller protein aggregates were formed dur-
ing OH. The emulsion displayed less turbidity, indicating 
less protein aggregation during OH, which directly affected 
the emulsification properties. Pereira et al. [72] stated that 
OH reduces the protein denaturation due to the absence of 
hot surfaces and less overheating.

Although the effect of emulsifiers on the OH process is 
mainly defined by its chemical nature, it should also be con-
sidered that emulsifiers change the properties of a batter, 
when using this technology for baking.

Yeast

In general, breadmaking consists of three basic steps, namely 
mixing, fermentation, and baking. At the initial mixing 
stage, ingredients are homogenized and hydrated into a bat-
ter, while physically aerating the GF batter. Trapped bubbles 
will play an important role, as they serve as nuclei for the 
later proofing stage [73]. During fermentation, the biological 
aeration of the batter occurs, which is mainly attributed to 
the production of CO2 of the yeast. Yeasts from the species 
Saccharomyces cerevisiae, also known as Baker’s yeast, are 
used for this purpose, and are the main leavening agents 
used in bread. Besides CO2 production, ethanol and other 
secondary compounds are metabolized by the yeast, which 
later affect the volume, structure, flavor, color and shelf life 
of the final product [74].

Baker’s yeast, which is commonly added to bread, could 
potentially affect OH of GF bread in two aspects: by directly 
influencing the conductivity of the food matrix, or affecting 
it indirectly through the production of specific yeast metabo-
lites (e.g., CO2) [38, 75, 76].

The first approach has not been widely studied, but some 
first insights on how yeast cells affect the conductivity of a 
medium have been reported before. An older study carried 
out by Johnson and Green [75] investigated the conductiv-
ity of yeast cells in suspension. Their results showed that 
yeast cells possessed different conductivities, which closely 
depended on the salt concentration of the media (0.1–1% 
NaCl) they were exposed to. It was explained that yeast 
cells could store diffusible salts in their body, which was 
enhanced with increasing salt concentration. Upon heating, 
salts were then released from the yeast cells, which altered 
the electrical resistance of the cells and the surrounding 

Table 4   Effect of fat type on bread quality

Bread flour based Type of fat Bread quality References

Amaranth Vegetable fat Low impact on bread structure [63]
Rice Sunflower oil Oil increased specific volume and reduced crumb firmness [64]
Wheat Glyceryl trioleate (GTO)

Glyceryl trimargarate (GTM)
Ratio GTM:GTO 1:7 increased bread volume
GTO showed lowest bread volume

[65]

Wheat Hydrogenated rapeseed oil
Hydrogenated high palmitic acid rapeseed oil
Monoglyceride fully hydrogenated
Soybean oil

Solid lipid improved bread volume, while the liquid fat showed 
no effect

[61]

Wheat Palm oil shortening based 4% of palm oil shortening increased bread volume [66]
Wheat Fully hydrogenated soybean oil

Polyglycerol polyricinoleate (PGPR-90)
Hydrogenated soybean oil increased loaf volume and decreased 

loaf weight
[62]

Wheat Dry olive paste flour Bread quality was not affected [67]
Wheat Palm oil

Monoglyceride–palm oil–water gel
Monoglyceride–sunflower oil–water gel

Monoglycerides improved bread volume and decrease staling 
rate

[68]

Wheat Walnut oil
Walnut oil cake

Walnut oil decreased bread firmness and increased bread 
volume

[69]
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suspension. A more recent study investigated the effect of 
OH on the structure and permeability of the cell membrane 
of S. cerevisiae [77]. It was seen that during OH, intracel-
lular protein materials were translocated out of the cell wall, 
as the electric field increased from 10 to 20 V/cm. Further-
more, it was observed that the number of proteins exuded 
from the cell wall of the yeasts was higher with OH than 
for conventional heating, especially at higher temperatures 
(55–60 ℃).

Regarding indirect effects, the influence of CO2 on the 
electrical conductivity of dough has been reported before, 
which is a key factor that should be considered when bak-
ing with OH. According to Gally et al. [38], the electrical 
conductivity of dough was reduced as fermentation time 
and aeration progressed. This was explained by the signifi-
cantly poor electrical conductivity of the gas bubbles, which 
enhanced the electrical resistance of the batter. Also, Kim 
et al. [76] monitored the CO2 production in dough fermenta-
tion by measuring its electrical resistance. It was seen that 
the electrical resistance of the dough rapidly increased in 
the early stage and gradually increased in the late stage of 
proofing, which was attributed to the CO2 production rate 
of the yeast. So overall, the amount and rate of CO2 pro-
duction have a significant effect on the conductivity of the 
dough. These parameters can be controlled by processing 
and formulation (e.g. fermentation time, temperature, yeast 
properties and concentration) as shown by the investigations 
described below, and could be used to establish a suitable 
aeration range when using ohmic baking.

As mentioned before, a critical factor that affects fermen-
tation is the yeast strain. According to Birch et al. [78] strains 
can lead to different optimal fermentation times, which can 
vary from 40 to 100 min. This is explained by the different 
maltase activities in the yeasts, which are influenced by the 
cultivation method or by the different metabolizations of 
maltose in the yeast cells. Additionally, Struyf et al. [79], 
found that dried instant yeast needed a longer mixing time 
for rehydrating, while short mixing times were sufficient 
for compressed yeast to reach maximum fermentation rates. 
Kim et al. [76] reported that higher yeast concentrations led 
to higher CO2 production in the dough, which could shorten 
the fermentation time and reduce the electrical resistance of 
the dough. On the other hand, fermentation time could also 
be successfully reduced by reaching optimal fermentation 
temperatures in the batter faster, as some authors report [34, 
80]. Gally et al. [34] showed that ohmic-assisted proofing 
decreased the lag phase of the yeast during the initial fer-
mentation process, resulting in a reduced fermentation time 
from 58 to 20 min.

Overall, there is not enough information to state whether 
Baker’s yeast itself could significantly influence the electri-
cal conductivity of a complex food matrix-like GF batter, 
but it is well-known that metabolites such as CO2 can sig-
nificantly alter GF batter properties and especially its elec-
trical conductivity. Since, the biological aeration of a batter 
can be controlled by several factors, such as yeast properties 
(strain, type, and concentration) and processing conditions 
(temperature and fermentation time), these factors could be 
used as a tool in further studies for tailoring batter aeration, 
which would suit ohmic baking.

Combining GF bread ingredient functionality with ohmic 
baking becomes a promising approach to obtain optimal GF 
bread characteristics. However, understanding the critical 
factors and the correlation between the ingredients and 
ohmic baking properties is challenging. This is because GF 
bread requires complex ingredients to develop its structure 
during baking. For starch and flour ingredients, the effects 
are related to their composition, granule size, eventual modi-
fication, accompanying compounds (e.g., ash content), and 
importantly to starch gelatinization occurring with increas-
ing temperature, which majorly changes batter viscosity and 
porous dough/batter structure. Most polysaccharides and 
hydrocolloids strongly influence batter viscosity, although 
the temperature effect differs from starch gelatinization. Pro-
teins are generally an important baking ingredient, addition-
ally, they have a great influence on OH parameters. Electri-
cal conductivity will be affected along with their functional 
properties (e.g., foam formation and stability, solubility, 
surface hydrophobicity) and ionic charges. In detail, protein 
addition aims to provide a targeted dough/batter structure. 
Thus, their foaming properties, which affect batter viscosity 
or air incorporation, may highly influence OH parameters, 
particularly heating rate. Fat and related components are 
important, as they are poorly conductive themselves and 
may thus change the electrical conductivity of the resulting 
batter. Also, their melting behavior during heating has to be 
considered. Regarding yeast, indirect factors that affect the 
amount and rate of CO2 (e.g., fermentation parameters, yeast 
properties) need to be considered, as they have a direct effect 
on the electrical conductivity of the batter and therefore on 
the OH process.

As the bread structure is formed, a complex relationship 
between ingredients and electrical conductivity take place 
during baking. To facilitate understanding, an overview on 
the influence of GF bread ingredients on batter and bread 
characteristics can be seen in Fig. 1. Figure 2 also describes 
the relationship between ingredient functionality and ohmic 
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baking properties. Additionally, a summary of the investiga-
tions on the effects of GF bread ingredients on OH proper-
ties is presented in Supplementary Table S1.

Conclusions

OH has been recently used as a novel approach to improve 
GF bread properties. As GF bread is a complex system com-
posed of several ingredients, this review has highlighted the 
need for understanding their functionality and role during 
ohmic baking. Their effect on critical factors of OH, in par-
ticular electrical conductivity or heating rate, is one of the 
main elements to be considered for future adaptation of GF 
recipe parameters and OH conditions.

Based on the available investigations, the review has 
revealed that when estimating the effect of any ingredi-
ent, two major aspects have to be taken into consideration: 
(1) the ingredient itself will affect OH parameters due to 
its chemical composition (e.g., ionic and non-ionic com-
pound), physical properties (e.g., starch damage, particle 
size, ion charge), and functional properties (e.g., swelling 
power, foam formation, emulsification ability, solubility, 
surface hydrophobicity) and (2) structural development of 

the ingredients during processing (e.g., starch gelatiniza-
tion, protein denaturation, and foam formation) that lead to 
changes of viscosity, porosity and density within the dough/
batter which could influence OH to a great extent. The main 
structural development to look at in this respect is dough/
batter viscosity, foam formation, stability, or incorporation 
of air (pores) and induced changes of those structural prop-
erties during the ohmic heating process. All these physi-
cal parameters are desired dough/batter conditions for an 
improved final (GF) bread quality, but will alter electrical 
conductivity and, in most cases, decrease the heating rate. 
OH parameters need to be adapted to these changing con-
ditions in the course of ohmic baking, requiring a tailored 
OH processing regime considering different steps with the 
targeted adjustment of processing parameters.

Overall, this review has identified and gathered funda-
mental and critical aspects that need to be considered for 
the application of OH in the field of GF baking. All single 
ingredients as well as their interaction within the batter 
and their changing physical properties during the heating 
phase are factors that need thorough consideration during 
ohmic baking. Yet, thorough research efforts have to be 
undertaken for a deeper understanding and more insight 
into their properties.

Fig. 1   Overview of the influence of the GF bread ingredients on batter and bread characteristics during ohmic baking
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