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ABSTRACT

Foods comprise of many macromolecules that have varying techno-functional and nutri-
tional properties. The isolated proteins and carbohydrates from them are increasingly being
used as potential ingredients in the food industries. Numerous processes like drying for
food processing and preservation cause variations in functional and nutritional attributes of
proteins and carbohydrates in different degrees in the food products that can ultimately
affect their possible applications. This article explores different drying technologies being
used in the food industries, including freeze-drying, microwave-assisted drying, infrared
drying, vacuum drying, spray drying, and oven drying. Based on the evaluation of multiple
studies, it can be inferred that these drying methods have the potential to contribute to
low drying performance, high operational costs, and strong environmental impact.
Moreover, they can affect the nutritional value of macronutrients such as proteins, starches,
gums, and dietary fibers present in foods, the integrity of the food structures, and their
functional properties. Understanding the correlation between the drying technique used
and the functional and nutritional attributes of macromolecules will help to provide better
insight into the importance of the different drying methods. Optimization of the operational
parameters of the different drying methods could be vital and needs to be evaluated to
avoid the degradation of the proteins and carbohydrates and the loss of their properties.
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1. Introduction

Fresh foods, such as fruits and vegetables, have a high
water activity, are heat sensitive, and degrade quickly.
They contain important nutrients, dietary fiber, vita-
mins, and a variety of micronutrients required for
healthy living. However, seasonal availability and high
perishability characterize fresh produce. Dehydration is
thus one of the most popular techniques for extending
the shelf life of food. Yet, the drying techniques used
for food dehydration must also produce high-quality
goods in terms of flavor, nutrition, color, rehydration,
consistency, appearance, and texture in addition to
being effective and economical [1, 2]. In the food

industry, drying is a widely utilized concept that is fre-
quently employed to transform surplus crops into shelf-
stable products. It may be the earliest method of food
preservation ever used by mankind for centuries [3].
Drying is a crucial method of food preservation
that lowers the moisture content of food to stop it
from rotting, create new products, and cut waste. Due
to its adaptability, affordability, reasonable control,
and ease of equipment, hot air drying accounts for
more than 85% of food drying processes [4]. Water,
the main component of food, is essential for the oxi-
dation of fats and lipids as well as the growth of
microorganisms in meals with a lot of moisture and
high water activity. Additionally, the texture and
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flavor of dried foods are significantly influenced by
the amount of water in the items. In order to improve
shelf life and prevent food degradation, the primary
goal of dehydration is to partially remove water from
the food matrix [5]. However, because of the physical
and biological changes that occur throughout the dry-
ing process, the quality of the finished product is sig-
nificantly impacted. The changes in the food matrix
are significantly influenced by variables like drying
time, temperature, and the product’s water activity
[6]. Furthermore, the drying technology used for food
dehydration offers desirable product qualities includ-
ing color, nutrition, taste, texture, and rehydration
capability in addition to being efficient and energy-
saving [7]. The quality of the product after drying
must be considered since, during traditional drying, a
number of unfavorable physical and chemical changes
as well as uneven moisture distributions (induced by
the dispersion of temperature) take place [8].

Drying technologies can be divided into traditional
and unconventional drying techniques. Among them,
traditional drying methods include solar drying, hot
air drying, osmotic dehydration, vacuum drying,
freeze drying, heat pump-assisted drying, and spray
drying [9]. Many traditional drying techniques are less
expensive to run; however, the main drawbacks of
traditional drying techniques are their lengthy drying
times, poor quality, and inefficient use of energy [10].
Therefore, a lot of unconventional drying techniques
are considered today [11]. For example, microwave
freeze-drying and atmospheric freeze-drying were
studied to satisfy tomorrow’s food and energy needs.
In addition to improving drying efficiency, lowering
environmental impact, and improving dried product
quality [3]. As well, because of their higher efficiency
and shorter operating durations, the impacts of elec-
tro-hydrodynamic, pulsed electric field, microwave,
radio frequency, and ultrasonic waves have garnered
the most attention among all drying techniques [12].

To boost drying efficacy and efficiency so that
energy consumption can be decreased while retaining
quality, new and old procedures have been devised.
Additionally, new drying methods are being developed
to help reduce post-harvest losses, delay deterioration,
and lengthen shelf life. New drying techniques have
emerged as a result of research, which may enhance
product quality and energy efficiency for the food
business [13]. Each drying method has its benefits.
Hot air drying employs simple, secure, and cost-effect-
ive machinery. The freeze-drying method can preserve
food’s color, flavor, and nutritional content while
being particularly well suited for heat-sensitive items.

The component that rapidly oxidizes is modified for
the vacuum drying procedure. Quick drying times and
consistent product quality are advantages of micro-
wave technology. However, because of the intricacy of
the components and their varied characteristics, a sin-
gle type of drying process typically struggles to meet
the finished product’s quality requirements [14].
There have been numerous technological advance-
ments in recent years related to the industrial drying
of foods, including hybrid drying techniques. Hybrid
drying systems, which combine several drying meth-
ods, led to an improvement in the product’s quality.
The goal of developing a hybrid drying system was to
improve product quality while lowering the likelihood
of product deterioration. Similar to that, this system
uses less energy, runs more quickly, is affordable, and
is simple to use [1].

The various drying procedures are responsible for
the production of diverse porous micro- and macro-
structures that usually differ from the initial fresh
product due to the loss of water from the interior
structure to the surrounding environment [6]. As a
result, depending on the drying process and the
applied conditions, the raw material may have a com-
pletely different structure. Food products can shrink
significantly depending on the method and conditions
used, resulting in the destruction or modification of
their microstructure. Dehydration affects a variety of
structural qualities, including moisture content,
shrinkage, porosity, density, and surface area. Protein
denaturation during drying can alter their solubility,
digestibility, and bioavailability, reducing their nutri-
tional value [7].

To improve drying applications for post-harvest
drying in agricultural products and food and to sug-
gest potential and successful industrial applications for
the development of this inherent method that has
been around for a long time, this review aims to shed
light on the literature on drying preservation technol-
ogy as well as the newly used drying methods for dry-
ing agriculture items and food. Moreover, their
impacts on the technological, functional, and nutri-
tional characteristics of food macromolecules were
discussed.

2. Drying technologies in the food industry

The process of drying is a very ancient physical
method applied by the food industries for food proc-
essing and food preservation. It is a very important
technology for the food industry because it offers a

great perspective to bring out emerging novel



ingredients and the latest and most beneficial products
for consumers. The final products obtained after dry-
ing generally have the characteristics of powders,
granules, particles, or flakes of different configurations
which depend on the requirements and kind of drying
technology applied [15]. The method of drying is gen-
erally regarded as a reliable process for enhancing the
storage stability of different processed foods [16]. This
is because it aims to reduce the moisture content of
highly perishable food products that have a high
moisture content (>80%) including spices, fruits and
vegetables. This helps to not only enhance their stor-
age stability by increasing their shelf-life but also
results in reduced packaging, handling and transporta-
tion costs because the volume of dried foods would be
lesser [16]. Also, many of the bioactive compounds
used in the food industries for developing functional
foods have very low bioavailability that can result in
an off odor when they are incorporated into a food
matrix. However, when different drying-based encap-
sulation methods are used, it can increase the uptake
of the different bioactive compounds from the foods
and reduce their undesirable sensory properties.

The process of drying involves the principle of sim-
ultaneous heat and mass transfer and is quite an
energy-intensive method. The conventional drying
methods that are used in the food industries including
sun or open-air drying can result in inferior product
quality. However, various advanced methods that
include freeze dryers, microwave dryers, infrared dry-
ers, vacuum dryers, and oven dryers have been devel-
oped [17]. All these drying methods have different
mechanisms and also disadvantages and advantages
for drying food products. The freeze dryer uses a sam-
ple which is frozen before drying which is then subli-
mated from solid to gas in a vacuum due to the heat
[18]. drying
involves the production of instant dry powders where
electromagnetic radiations produce heat inside and
outside the food commodity [17]. The infrared dryers
utilize radiations to heat and dry the food material
them
whereas the vacuum dryers use reduced pressure that
reduces the relative humidity of a product and the
boiling point of water inside the product leading to an
increased drying rate [17]. Spray dryers produce dry
and fine particles through the process of atomization
in a hot air environment whereas oven dryers involve

and pressure reduction Microwave

containing moisture by penetrating inside

drying of a particular product at high temperatures
that transfer heat from the surface to the inside of the
material [19].
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These conventionally used drying methods however
have few limitations as they are generally based on
the use of hot air for drying and conductive methods
of transfer of mass and heat which can contribute in a
way to the product quality and enhance the possibility
of product contamination [19]. The product quality
can get affected due to under-drying or over-drying
which can result in non-uniform exposure to high
temperatures on the product or the harder texture of
food products because of more time for drying [20].
The conventional drying methods can also contribute
to changes in the color of the final product due to
redox reactions and browning reactions taking place
which can lead to low drying performance and higher
costs of operation [2]. This can also majorly affect the
standard of foods based on their functional, nutri-
tional, and sensorial properties. Also, it has been
reported that in hot air drying about 35-40% of the
quantity of energy that is put in gets misspent because
of hot gases that are exhausted out which results in a
lot of energy loss [15]. This can lead to higher energy
consumption, high overall processing costs, and a
strong and bad impact on the environment.

Various novel processes for drying are being devel-
oped for the same that aim to enhance the conven-
tional and commercial drying methods used which
include reflectance window dehydration, superheated
steam drying, and high electric field drying [21]. Also,
processes that involve hybrid drying are being used
largely now for drying to save energy and maintain
the texture, nutrition profile, taste, and appearance of
the foods [22]. It involves an amalgamation of numer-
ous drying techniques to provide a harmonious and
synergistic effect to minimize the shortcomings of a
single drying process. This has led to a cut down in
the time of drying as well as the energy needed along
with maintaining the quality attributes of the final
product and minimizing product degradation. A few
of the hybrid drying technologies include sun-com-
bined drying, and electromagnetic-based methods like
infrared-, ultrasound-, and microwave-aided drying
[22]. These technologies are still in the developmental
phase and are yet to be properly investigated on the
different food products to see what effects they have
on them. Many studies have evaluated the consequen-
ces of using the numerous conventional drying proc-
esses on the physicochemical, functional, and
nutritional attributes of different food macromole-
cules. This gives an insight into which drying method
would be more suitable for a particular food product
which is of pragmatic significance.
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Table 1. Different drying methods and their impacts on food products and remedies.

Drying methods Positive effects Negative effects Possible solutions References
Freeze drying Minimal heat exposure and long Takes a long time and affects Combining it with another [6]
shelf life. product quality due to certain drying technique and
low temperature processes selecting the drying
such as enzymatic browning, conditions based on the
oxidation reactions, and target attributes of each
protein denaturation. product.
Spray drying Rapid drying with easy High temperatures can Combining it with another [24]
scalability. contribute to protein drying technique such as
denaturation and can also vacuum assisted, ultrasound
result in uneven particle size assisted and pulse
and size distribution. combination spray drying.
Vacuum drying Gentle drying at low Expensive for large scale drying. Can be combined with other [25]

temperatures with a short
drying time.

High quality dried products due
to volumetric heating that
evenly spreads through the
whole sample resulting in
reduced costs and high
energy efficiency.

Temperature and time reduction
due to decline in relative
humidity that reduces energy
losses.

Cost effective

Microwave
assisted drying

Heat pump drying

Hot air drying

Can damage the products due
to heat control not being
proper and mass transfer
during the drying process.

Have higher costs with more
complex equipment and
controls involved.

Significant energy losses with
long drying times that can
affect product quality.

drying techniques to improve
their efficiency.
Combining it with another [26]
drying technique such as
vacuum assisted drying with
reduced pressure or air
drying.

Can be combined with other [26]
drying techniques to improve
their efficiency.

Use other drying techniques [26]
that can retain product
quality.

3. Impact of drying on proteins
3.1. Techno-functional properties

In recent times, extensive research has been done on
different proteins for their techno-functional and
nutritional properties that are known to be mainly
related to their structures, surface properties and
amino acid compositions. These properties can
enhance their potential to be availed in many food
products. The functionality attributes of the proteins
include their ability to solubilize, emulsify, foam,
water holding, viscosity, oil holding and gelation
which are important parameters for designing various
foods [23]. However, these protein attributes can be
modified by processing methods such as drying (Table
1). This is done to enhance the long-term storage sta-
bility of protein isolate powders or different food
products, but it can result in insoluble aggregates
developing and denaturation of protein [27]. This can
ultimately cause alterations in the protein’s techno-
functional attributes (Figure 1). It was observed in a
study that there are structural differences between dif-
ferent dried samples which suggests that the altera-
tions in the techno-functional attributes can also be
due to the different drying methods used [28] which
has been summarized in Table 2.

3.1.1. Protein solubility
The solubility of proteins helps to determine the
amount of proteins that are present in a soluble state

under different conditions [38]. For food applications,
good solubility is desired which is known to be
affected by the different a drying processes. In par-
ticular, drying rice protein isolates using a spray dryer
had better solubility at pH values greater than 5 when
compared to protein isolates after freeze-drying [35].
Similarly, lentil protein isolates that were spray-dried
had relatively more solubility (81.19%) than vacuum-
dried (50.34%) and freeze-dried (78.39%) lentil pro-
tein isolates, respectively [30]. This was ascribed to
the lesser destruction of proteins in powders that were
dried by spray-drying and their smaller and uniform
particle size distribution. It has also been shown that
freeze-dried gelatins from splendid squid (Loligo for-
mosana) skins also had lower solubility than spray-
dried gelatins which was suggested to be because of
the larger inlet temperature when spray drying was
done that led to lower molecular weight peptides that
were more hydrophilic [26]. On the contrary, freeze-
dried gelatin from the swim bladder of Rohu had
more solubility than gelatin which was dried by spray
drying whereas the vacuum-dried gelatins demon-
strated the least amounts of solubility [31]. Here, the
differences in solubility were ascribed to variations in
the molecular weight of peptides and the number of
different groups present in amino acids [31].
Similarly, freeze-drying was seen to be a pleasant
method over vacuum freeze-drying and spray drying
for potato proteins which led to better solubility [32].
Overall, spray drying resulted in better protein
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Figure 1. Impact of drying techniques on techno-functional properties of proteins.

solubility and led to a more uniform and smaller par-
ticle size distribution compared to freeze-drying [26].
Furthermore, freeze-drying led to better protein solubil-
ity than vacuum-drying due to greater protein denatur-
ation contributed by vacuum-drying because of the
formation of gas bubbles resulting in proteins binding
to air-water interfaces and undergoing partial unfolding.
Therefore, combining these different drying techniques
could allow for enhanced protein solubility [31].

3.1.2. Foaming properties

The foaming properties of a protein determine its
ability to form stable foams which are useful for dif-
ferent applications; and are affected by drying. The
foaming capacity of spray-dried rice proteins was
found more than the proteins that were dried by
freeze drying which suggested that spray drying led to
conformational changes at the connection of air and
water and the smaller particle size of spray-dried rice
protein isolate could adsorb rapidly during whipping
at the interface [32]. However, no changes were seen
in this study for foam stability that suggested that it
was not much affected by the drying method.
Similarly, spray-dried gelatins from goat and dogfish
skin respectively showed greater foam expansion and
foam stability than freeze-dried gelatins which is due
to their better ability to form films at the interface of
air and water [33, 34]. Besides, spray-dried gelatins
from rohu bladder showed better foam-forming ability
than gelatin after freeze drying and vacuum drying
due to the presence of long and short peptides that
can adsorb at the air-water interface and reduce sur-
face tension [31]. Duck egg white proteins were dried
by freeze-drying and an amalgamation of drying by

both microwave vacuum and freeze-drying [39]. It
was seen that freeze drying led to improved foaming
capacity in the proteins which was attributed to sig-
nificant changes to their structural and physiochem-
ical properties by the amalgamation of drying by
freeze and microwave vacuum drying.

3.1.3. Emulsifying properties

The ability to develop emulsions of a protein deter-
mines their potential to develop oil and water systems
that are stable by interacting at the interface between
water and oil and reducing surface tension. There are
generally two factors that are measured to determine
emulsifying abilities are emulsifying activity index
(EAI) which quantifies interfacial area stabilized by a
protein unit and the emulsion stability index (ESI)
which determines the stability of the emulsions with
time [29]. For rice protein isolate, spray-dried rice
proteins had higher EAI and ESI values than proteins
dried by freeze-drying principally at a pH of 9 and 10
because of the lesser size of particles of spray-dried
protein powders [29]. Similarly, when gelatin was
dried by spray drying from untreated dogfish skin had
higher EAI than freeze-dried gelatin [33]. In another
study, the spray-dried gelatins from rohu bladder
showed higher EAI than freeze-dried and gelatins
dried by vacuum drying respectively [31]. This was
due to both long and short peptides being there where
the former could move to the interface between oil
and water to form emulsions and long-chain peptides
could surround the oil droplets and form thicker and
stronger films. Protein from duck egg white had
higher EAI values after an amalgamation of freeze and
microwave drying than only the freeze-dried samples
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Table 2. Impact of different drying processes on the techno-functional attributes of different proteins.

Drying method

Protein used Functional properties determined Research outcomes Ref.
Rice protein isolate Spray-drying and Spray drying had higher protein solubility Freeze drying has higher [29]
freeze drying and emulsifying activity at the pH values water/oil holding capacity
between 5 and 11, with higher foaming and thermal stability than
capacities (127.08 +2.25% compared to spray drying.
118.83 £2.71%) than freeze drying.
However, freeze-drying had a larger
mean diameter (2,114.2+79.6 nm
compared to 490.4 +44.8nm of spray
drying), higher water/oil holding
capacity (p < 0.05), and thermal stability.
Lentil protein isolate Spray drying, vacuum Higher solubility (81 and 78%, freeze Higher solubility, reduced [30]
drying, and freeze drying, spray drying respectively) ability to hold water of
drying compared to vacuum-dried powders spray-dried proteins and
(50%). lower gel strength of
Low water absorption capacity of spray- vacuum-dried proteins.
dried (0.43 +0.02 g/g), frozen
(0.48 +£0.02 g/g) and vacuum-dried
(0.47 +0.01 g/g).
Spray and freeze-dried powders
demonstrated improved gelation ability
and higher gel strength.
Squid skin gelatin Freeze-drying Gel strength (g): freeze drying (156), spray Lower solubility and higher gel [26]
and spray drying drying (137). strength of freeze-dried
Solubility (%): freeze drying (90), spray gelatin over spray-dried
drying (94). gelatin.
Rohu swim bladder gelatin Spray drying, freeze Freeze-drying presented the highest gelatin Higher solubility, and gel [31]
drying, and vacuum yield (g/100 g) (54.51), vacuum-drying strength of proteins dried
drying (48.95) and spray-drying (41.76 ). with freeze drying but
Freeze-dried and spray-dried gelatin had better foaming ability and
the highest surface hydrophobicity, EAl of spray-dried gelatin.
protein solubility, emulsifying, foaming
and gelation property than vacuum-
dried gelatin.
Potato protein Spray drying, freeze The higher solubility was (at pH 5.0) 54.9% Better solubility of freeze-dried [32]
drying, and vacuum for the freeze-dried, 53.2% for vacuum proteins over others.
drying drying, and 47.59% for Spray drying.
Dodfish skin gelatin Spray-drying, and Foaming: 163.48 % for freeze drying, The spray drying technique [33]
freeze drying 160.54% for Spray drying. enhanced the foaming and
Spray-dried gelatins generated emulsions emulsifying characteristics
with droplets larger in size than those of as well as the oil and water
emulsions prepared with freeze-dried holding capacities. Gelatins’
gelatins. gel toughness was also
WHC: Spray drying presented the highest boosted by spray drying.
value of WHC (5.7 ml/g), while it's
(2.9 ml/g) for freeze drying.
Goat skin gelatin Spray-drying, and Foam expansion and stability of all gelatins Greater foam expansion, and [34]
freeze drying increased with increasing concentrations foam stability of spray-dried
(10-304g/L) (p < 0.05). gelatin
Spray-dried had higher foam expansion
and stability than freeze-dried.
Duck egg white proteins Freeze drying, and Spray drying had higher protein solubility Freeze-dried proteins had [35]
freeze + microwave and emulsifying activity at the pH values better foaming capacity and
drying between 5 and 11, with higher foaming better gel strength but
capacities (127.08 +2.25% compared to freeze + microwave-dried
118.83 £2.71%) than freeze drying. proteins had higher EAI.
Freeze drying had a larger mean diameter
(2,714.2 £ 79.6 nm compared to
490.4 £44.8nm of spray drying), higher
water/oil holding capacity (p < 0.05),
and thermal stability.
Chicken skin gelatin Vacuum-drying, The emulsifying activity index for freeze- Freeze-dried gelatin had EAI [36]
hydrolysate and freeze drying dried gelatin at pH 6 was 12.27 min, and water-holding capacity
while it was 28.82 min for vacuum-dried but vacuum-dried proteins
gelatin. Which means the vacuum-dried had better ESI.
gelatin is better.
Potato protein isolate Freeze-drying, Compared to freeze drying, spray drying The larger storage modulus of [37]

and spray drying

generally did not affect the solubility or
gel characteristics of complete protein
isolates.

spray-dried gelatin than
freeze-dried gelatin.




which was because both the hydrophilic and hydro-
phobic groups of proteins were stretched out to the
oil-water interface after microwave drying enhanced
their emulsifying activity [39]. Chicken skin gelatin
hydrolysates after freeze-drying showed better EAI in
comparison to vacuum-dried gelatin due to smaller
protein molecules but the gelatin dried by vacuum
drying had improved and enhanced ESI in contrast to
gelatin dried by freeze-drying [36].

3.1.4. Water and oil holding capacities

The power to hold water and oil respectively are also
crucial attributes for various food applications but can
be influenced by the numerous processes of drying.
The water binding capacity of freeze-dried gelatins
from chicken skin was higher than vacuum-dried
gelatins due to greater amounts of hydrophilic amino
acids but both these gelatins showed greater fat bind-
ing capacities than each other at different pH values
[36]. The power to hold water and oil of freeze-dried
rice protein isolates was enhanced over proteins dried
at spray drying at a pH of 7 [32]. This was not found
to be correlated with their solubility but with their
different structures and types of the process used for
drying. For lentil protein isolates the spray-dried pro-
teins showed lower water-holding capacity than the
protein dried with vacuum and freeze-drying which
was ascribed to their ability to develop skins during
the drying of the polymeric biomolecules [33].
Moreover, exposure to high temperatures during spray
drying can result in protein denaturation and their
ability to bind and hold water contributing to reduced
water-holding capacity [30]. The fat binding capacity
of freeze-dried gelatin from untreated dogfish skin
was higher than spray-dried gelatins which had higher
water binding capacity that is ascribed to the content
of hydrophilic and hydrophobic amino acids in them
[33]. Freeze-drying resulted in the exposure of more
hydrophobic regions that could bind oil and increase
their oil binding capacity [33]. This suggests that dif-
ferent drying processes affect water and oil-binding
activities in different ways and based on the applica-
tion they can be combined to retain the food quality
and achieve the desired attributes.

3.1.5. Gelation properties

Gelation characteristics are important functional prop-
erties that can result in the hydration and adhesive
characteristics of food products in which they are
used as ingredients. In a study, the vacuum-dried len-
til protein isolates demonstrated the highest amounts
of gelation concentration and lower gel strength,
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which suggests their poor gelling ability when com-
pared with spray and freeze-dry specimens, which is
in line with their solubility characteristics [30].
Similarly, the gel strength of freeze-dried and spray-
dried gelatins from rohu swim bladder was higher
than vacuum-dried gelatins due to higher molecular
weight peptides present in them that are capable of
self-aggregation [31]. A comparative analysis of the
method used for drying squid skin gelatin was con-
ducted and the robustness of gels formed by freeze
drying was found a lot more to gelatins obtained after
spray drying because freeze-drying led to gel cross-
linking that led to higher amounts of 8- and y- com-
ponents that contribute to gel strength [26]. The
amount of robustness of gels developed with duck egg
white proteins after freeze-drying was found to be
more than those dried using a combination of micro-
wave and freeze-drying due to their shorter times to
dry in the latter samples led to lesser protein denatur-
ation [39]. On the contrary, spray-dried potato pro-
tein isolates had a larger storage modulus (G’) than
freeze-dried proteins due to limited protein denatur-
ation by spray drying, higher surface hydrophobicity,
and partial protein unfolding that led to gel firmness
[37]. The impact of drying on the gelling properties is
mainly due to protein denaturation and by using
rapid drying techniques with optimized formulations,
it is possible to mitigate these effects and maintain or
enhance the gelling properties of proteins for different
food applications.

3.2. Nutritional properties

The nutritional properties of amino acids and proteins
present in foods can be evaluated by establishing the
composition of amino acids in them and their protein
digestibility [40]. The traditional drying processes
used in the food industries are known to contribute to
different structural and physical changes in the food
product or its components that may significantly
reduce the nutritional and therapeutic properties of
the proteins present in them which affect the product
quality attributes. However, other drying techniques,
such as vacuum drying or freeze drying, can raise the
nutritional value and standards of many products,
with freeze-drying being thought to have tremendous
potential to produce high-standard items [41].

3.2.1. Amino acid composition

The amino acid profile or composition as well as the
essential amino acid index provides a good reference
for the quality of the proteins present in any given
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food product. However, amino acids can be destroyed
by thermal treatment. In a study, the constitution of
amino acids in dried seaweeds was determined follow-
ing different processes for drying that included solar
drying, freeze-drying, vacuum drying, and convective
drying [41]. Dried seaweeds were found to contain
amino acids like proline, glycine, phenylalanine, and
tyrosine but reduced the content of isoleucine,
aspartic acid, and glutamic acid despite the drying
method used. The amino acid histidine was seen only
in the vacuum-dried samples, but the least degrad-
ation of amino acids was seen following freeze-drying
and the highest degradation was seen following con-
vective drying due to their high heat exposure [41].
This suggested that the application of heat results
in the compositional change in the nitrogenous
compounds. Similarly, impacts of spray drying, freeze-
drying, and vacuum-drying were studied to under-
stand the amino acids profile of gelatin that was
derived from rohu bladder and it was seen that all
gelatins demonstrated glycine to be the amino acid
found more [31]. The other amino acids observed in
the gelatin in this study were proline, alanine, glu-
tamic acid, hydroxyproline, arginine, cysteine, methio-
nine, and tyrosine but their concentrations varied
slightly in the gelatin samples depending on the dry-
ing method used. The constitution of amino acids
present in gelatins that were extracted from the dog-
fish skin and subjected to different drying methods
was determined and the major amino acid was found
to be glycine [33] which was consistent with the data
obtained for gelatin from rohu swim bladder [31].
However, there was a lower amount of tyrosine and
methionine reported that could affect the nutritional
attributes of the protein. In another study, squids
were subjected to drying using freeze-drying, heat
pump drying and air drying and the total essential
amino acid content was found to improve significantly
compared to the raw squids but the amounts of val-
[42].
Considering the amounts of amino acids that were
not essential, raw squids possessed greater amounts of
glycine, arginine, and histidine as compared to the
dried squids prepared using different drying methods.
In another study, quinoa protein was dried by spray,
vacuum, and freeze drying and the freeze-dried pro-
teins showed larger quantities of certain amino acids

ine, isoleucine, and leucine were lower

such as glycine and alanine which was due to lesser
thermal degradation during freeze-drying [43]. This
suggests that the amino acid composition in a protein
is very much susceptible to the drying method used.

The different drying methods can also contribute
to differences in the predominant amino acids in the
food proteins which can affect their nutritional prop-
erties. When insect proteins from black soldier fly
were subjected to conventional and microwave drying
respectively, the main amino acid present in conven-
tionally dried protein was aspartic acid and the pre-
dominant amino acid found in microwave-dried
protein was glutamic acid [40]. Also, when coffee
beans were dried using different drying methods, it
was seen that hot air drying resulted in greater
amounts of total amino acids that were essential with
the chief ones being lysine, phenylalanine, and leucine
[44]. This was attributed to proteolysis occurring in
the proteins because of heat in hot air drying. The
amino acid profile of the proteins can also be attrib-
uted to different temperatures used in the drying pro-
cess. For example, proteins from blood fruit seeds
were dried using a spray dryer at 160 and 180°C and
it was observed that protein isolates after drying at
180°C were low in all the amino acids as compared
to those dried at 160°C which suggested that amino
acids degrade at elevated temperatures [42].
Variations in the profiles of amino acids of the food
proteins following drying are very important to
understand as that helps to provide an idea about
changes in their nutritional value that can affect their
efficiency for future applications. The amount of pro-
tein denaturation that occurs, which affects the amino
acid content of proteins, varies depending on the
method of drying utilized.

3.2.2. Protein digestibility

The digestibility of proteins is a crucial specification
to determine the nutritional value of proteins as it
helps to determine how our bodies can utilize and
absorb a dietary protein. Food processing, including
drying, can either increase or decrease the digestibility
of a particular protein by modifying protein structure
and that is why it is important to understand more
about it in detail (Table 3). Proteins with higher
digestibility result in higher amounts of nutritional
standards than those with lower digestibility as they
yield more amounts of amino acids that could be
absorbed following proteolysis [46].

The impact of numerous processes of drying on the
protein digestibility of different proteins is summarized
in Table 4. Andean lupin (Lupinus mutabilis) was sub-
jected to different processing methods of which one
was spray-drying that resulted in the lowest protein
content but the digestibility was found to increase after
drying and be in the range of 72.8-74.0% [47].



Table 3. Impact of different drying processes on the composition of amino acids of proteins.
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Protein Drying method used Key results Overall findings Ref.
Protein from seaweed Freeze drying, convective Convective drying produced the The least protein and amino [41]
drying, and vacuum drying highest degradation ratio of acid degradation was after
amino acids in comparison to the freeze drying and the
freeze-drying sample (31.9%), highest after convective
followed by solar drying (24.6%) drying.
and vacuum drying (13.1%).
Gelatin from the rohu swim Freeze drying, spray drying, The maximum gelatin yield was The major amino acid [31]
bladder and vacuum drying produced by freeze-drying observed was glycine and
(54.519/100g, dry weight basis), the amino acid
which was followed by vacuum- composition varied
drying (48.959/100g) and spray- depending on the drying
drying (41.76 g/100 g). method used.
Gelatin from dogfish skin Freeze-drying, and spray The freeze-dried yield had the The major amino acid [33]
drying highest yield (8.67%), whereas the observed was glycine with
freeze-dried gelatin from oven- lower amounts of tyrosine
pretreated skin had the lowest and methionine that could
yield (3.06%). affect nutritional attributes.
Squid proteins Freeze drying, heat pump The highest percentages of in vitro Total essential amino acid [45]
drying, and air drying digestibility was found in samples content after drying with
after freeze drying (76.81%), heat different methods increased
pump drying (70.51%), raw drying significantly compared to
(67.99%), and hot air drying the raw squids but the
(61.47%). non-essential amino acid
content was higher for the
raw squids.
Quinoa protein Spray drying, freeze drying, The freeze-dried protein exhibited Freeze-dried proteins had [43]
and vacuum drying the highest emulsification capacity higher amounts of certain
and stability, while the spray-dried amino acids like glycine
sample had the highest solubility and alanine due to lesser
and water absorption capacity. thermal degradation.
Protein from black Conventional drying, and Both conventionally dried and The chief amino acid found in [40]
soldier fly microwave drying microwave dried had a greater conventionally dried
than 40% essential amino acid protein was aspartic acid
content of the total amino acids. and in microwave-dried
protein was glutamic acid.
Protein from coffee beans Room drying, heat-pump Hot air drying was ideal for retaining Drying at elevated [44]
drying, hot-air drying, solar amino acids. temperatures led to higher
drying and freeze-drying amounts of total essential
amino acids with the chief
ones being lysine,
phenylalanine, and leucine.
Blood fruit seed proteins Spray drying Leucine, isoleucine, valine, histidine, After drying at 180 °C, all [42]

tyrosine, methionine, and
probiotic fermented spray dried
samples were shown to have 20%
greater levels of these amino
acids.

amino acids were low as
compared to those dried at
160 °C due to protein at
elevated temperatures.

Similarly, when blood fruit protein isolates were dried
by spray drying at 160°C, an increase in protein
digestibility was observed that was due to increased
protein unfolding and destruction of compounds that
inhibited the protease activity [42]. But when the same
proteins were spray dried at 180°C, there was some
reduction in the protein digestibility due to increased
cross-linking of the proteins at those conditions. The
conditions of drying with a freeze dryer for chicken
meat protein hydrolysates were optimized with the
help of response surface methodology for obtaining
the best amounts of solubility and in vitro protein
digestibility and a shelf and lyophilization temperature
of 15 and —10°C with a freezing rate of 2.0°C/min
led to a protein digestibility of 25.626 and 23.808%,
respectively [48]. The drying of green peas using a
channel air-flow dryer has been optimized for the

drying temperature and the protein digestibility was
found to increase at higher drying temperatures which
were attributed to protein denaturation as seen by the
reduction in the f-sheet secondary structures as con-
firmed by FTIR analysis [49]. The protein digestibility
following drying at 50°C was reported to be 76.26%
whereas after drying at 70°C, it was found to be
85.87%, suggesting that high temperatures can reduce
the heat-labile compounds present in proteins, affect-
ing their digestibility [49].

The impact of using different processes for drying
such as freeze drying, heat-pump drying, and hot air
drying) on the protein digestibility of proteins from
squid, fillets were evaluated and it was observed that
the proteins after freeze drying had the greatest
amounts of protein digestibility with a percentage of
76.81% which was contributed by the porosity in the
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Table 4. Impact of different drying processes on the protein digestibility of proteins.

Drying method

Protein used Research outcomes Ref.
Andean lupin protein Spray drying In vitro protein digestibility was found to increase following drying and be in [47]
the range of 72.8-74.0%. Spray-drying enhanced the chemical
composition. Processing improved the food’s nutritional value and
digestion without causing any material heat damage.
Blood fruit protein Spray drying At the most effective drying temperatures (160 and 180 °C), the distinctive [42]
isolates functionality and bioactivity of the proteins discovered varied. An increase
in protein digestibility was observed after drying at 160 °C which reduced
after drying at 180°C.
Chicken meat protein Freeze drying Freeze-drying conditions were optimized to get maximum protein digestibility [48]
hydrolysates of 23.808%. High-quality products can be produced by the utilization of this
technology. Which results to improved functional and sensory characteristics.
Green peas proteins Channel air-flow Drying conditions were optimized and the protein digestibility was found to [49]
drying increase at higher drying temperatures. As drying temperature increased,
so did the in vitro digestibility of protein and starch. Denaturation effects
are responsible for the rise in protein digestibility.
Squid fillet proteins Freeze drying, hot Freeze-dried samples had the highest protein digestibility percentage of [45]
air drying, and 76.81% which was contributed by the porous structure of the freeze-dried
heat-pump drying sample. The best quality was provided through freeze drying.
Protein from black Conventional drying, Protein digestibility was higher for the conventional dried proteins because [40]
soldier fly and microwave the proteins treated with microwave drying were harder to digest. Protein
drying particles were polymerized and made more difficult to digest by
microwave drying.
Protein from shrimps Microwave A significant reduction was observed in their concentration of protein and [50]
drying digestibility which was attributed to changes in the structures of the

Soybeans

Freeze-drying
and air drying

shrimp proteins. The modulation of the secondary structure of shrimp
proteins was closely related to these modifications.

Freeze-dried samples were found to have higher protein digestibility which
was found to increase between 82.6 and 85.0%.

[51]

structures after freeze drying [45]. After freeze drying,
the highest digestibility percentage was seen in heat-
pump dried samples when it was compared to samples
that were air dried and this was ascribed to lower tem-
perature processing in heat-pump drying and the
denser and firm structure of air-dried samples that
inhibited enzymatic digestion. Similarly, the effects of
normal and microwave drying were compared for the
protein digestibility of proteins from the black soldier
flies and it was seen that protein digestibility was
higher in the conventional dried proteins because the
proteins treated with microwave drying were harder to
digest [40]. In another study, when the shrimps
(Litopenaeus vannamei) were dried by microwave dry-
ing, a significant reduction was observed in protein
concentration and digestibility which was attributed to
changes in shrimp protein secondary structure [50].
Also, soybeans have been treated with numerous proc-
esses for drying that air and freeze drying before mak-
ing soy milk and the freeze-dried samples had greater
protein digestibility which was found to increase
between 82.6-85.0% respectively due to more soluble
protein content [51].

4, Effect of drying on carbohydrates
4.1. Starch

There are few studies on the impacts of the dehydra-
tion process on the technological, functional, and

nutritional attributes of starch (Figure 2). The internal
structure and surface of starch granules are altered by
drying circumstances, which subsequently affect their
features like chemical reactivity, gelatinization, retro-
gradation, and pasting properties [52].

Resistant starch (RS) is a type of starch that can be
fully or partially fermented by microbiota in the colon
but cannot be broken down by human digestive
enzymes, particularly amylases in the small intestine
[53]. Bread and cookies are examples of foods high in
carbohydrates. When RS is added, it has been found
that the items’ sensory qualities their appearance, tex-
ture, and mouth feel are improved over when trad-
itional dietary fiber is used. This is due to RS’s
generally larger capacity to store water as well as its
capacity to swell, gel, and bind water [54]. Different
processes can be used to create RS. High-amylose
starch has been proven to have a higher RS content
after heating-cooling cycles [55].

Repeated heating of starch can cause amylose and
amylopectin to become disorganized, and finally, they
may partially shatter. Due to the limited accessibility of
digestive enzymes, this action encourages the creation
of denser but smaller crystals, increasing the RS concen-
tration [56]. On the other hand, the development of the
RS fraction is also a result of the retrogradation of
starch chains [29]. The procedure includes crystal
nucleation via intramolecular helical chain segment
start, propagation via association of chain segment
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Figure 2. Impact of drying techniques on carbohydrates.

growth of crystals from the nucleus, and maturation via
crystal perfection [57]. The optimum way to boost the
RS content for a particular application will depend on
how the resistant starch-rich powder is going to be
used. The processes used to remove water from pre-
gelatinized high amylose starch during the dehydration
phase before the hydrothermal treatment affected how
the starch components were reorganized. However, the
freeze-dried material is significantly impacted by the
hydrothermal treatment [58].

RS is often categorized into the following five groups.
RS1 stands for physically entrapped, inaccessible starch
in an indigestible matrix, RS2 for native, granular resist-
ant starch (B- or C-polymorph), RS3 for retrograded
starch, RS4 for chemically modified resistant starch, and
RS5 for solitary, lipid-complexed amylose helix. At
greater temperatures, RS4 and RS5 are more stable.
However, when used in food, RS4 is not thought to be a
clean material [53]. In contrast, RS5 has a significant
potential for usage in food since it can withstand
higher cooking temperatures and can regain its intricate
structure after chilling. Additionally, exogenous or
endogenous fatty acids can combine with single-helix
amylose to create complexes.

Rewthong, Soponronnarit, Taechapairoj, Tungtrakul,
and Prachayawarakorn [59] reported that the boiling,
pretreatment, and drying processes affected the structure
of the rice. After being rehydrated, samples cooked in
the rice cooker had less hardness and stickiness than
those made with freshly cooked rice, however, those
cooked in the water bath displayed a noticeable improve-
ment in both textural attributes. The freeze-dried prod-
ucts had the same texture as the products that were
air-dried. The texture and glycemic index of fast rice
were equal to those of freshly cooked rice after rehydrat-
ing because of the freezing pretreatment. In addition, the

__, | Resistantstarch

samples’ tougher texture and higher glycemic index were
caused by the cooling procedure. Therefore, it is sug-
gested that boiling and freezing be done first, followed
by drying while preparing instant rice. According to
Zeng, Zhu, Chen, Gao, and Yu [56], short-chain amylose
(SCA) crystals with various physical and chemical char-
acteristics and in vitro digestibility were generated using
various drying technique. These findings suggest that
crystals with varying digestibility can have their molecu-
lar structures changed by various drying methods. Food
processors will be able to alter the starch crystals’ charac-
teristics thanks to the findings of this study. By selecting
the best drying techniques, short-chain amylose (SCA)
crystal’s digestibility can be controlled. Therefore, the
drying procedure itself may have an impact on how SCA
crystals” glycemic index changes. In pre-gelatinized high-
amylose starch before hydrothermal treatment, the dehy-
dration process affected the reorganization of the starch
components due to the processes used to remove the
water. The sample’s elevated SDS and RS levels, however,
show that the hydrothermal treatment had a significant
impact on the freeze-dried material [58].

The glycemic index (GI) gauges how quickly blood
sugar levels increase following the consumption of car-
bohydrates. Commonly regarded as one of the foods
with a higher GI that is heavy in carbohydrates is white
bread (higher than 75 in most cases). There is always
interest in finding a solution to lower the GI of white
bread. The in vitro GI of the bread was decreased by
16.5-23.5% from 100 after the addition of a commercial
RS2 powder made from maize starch that provides 60%
(dry basis) RS at 20-30% (12-18 g RS per 100 g of bread
formulation) [60]. There are several methods for pro-
ducing RS, including chemical, enzymatic, and physical
processes. However, enzymatic and chemical processes
take time. Chemical processes are linked to product
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safety issues and environmental contamination [61].
Resistant starch cannot be used in foods that need fur-
ther high-temperature processing because it is typically
manufactured using enzymatic processes (low melting
temperature) [62]. The physical technique is intriguing
because it does not employ potentially harmful chemi-
cals [61]. Moreover, spray drying is advised for the pro-
duction of RS that is powdery because it is speedier
than traditional drying and eliminates the need for
product grinding [63].

Starch granules appear to become stiffer at high
drying temperatures, which reduces their water solu-
bility indices and swelling potentials during the gelat-
inization process. Wet-milled starch granules have
stiffness due to the high temperatures used during
maize drying which was a key determinant in the cre-
ation of pastes or gels [64]. Depending on the thermal
characteristics and starch content, freeze-drying is one
of the finest dehydration techniques for heat-sensitive
materials. Freeze-drying is thought to be the best
method for dehydrating heat-sensitive materials to
achieve the highest quality with the least amount of
color, structure, nutrition, and flavor loss when com-
pared to other drying procedures [65].

4.2. Gums

Gums are biopolymers with a variety of useful and cut-
ting-edge qualities in the food sector. They are intricate
biomolecules made of carbohydrates that can join with
water to form gel and mucilage structures. Gums are
among the few food additives with the necessary struc-
tural and functional characteristics, and they can be
obtained from a range of sources [66]. A class of hydro-
philic/hydrophobic polysaccharides with high molecular
weight or derivatives of polysaccharides that can form a
gel or viscous solutions in various solvents when present
in tiny amounts are both referred to as gum [67]. These
characteristics include stabilizing potential, viscosity
enhancement, emulsifying and surface-active properties,
extensive adaptability, and accessibility. Plant-based
gums (PGBs) are often employed in beverages, other
foods, emulsions, thickening/foaming agents, dietary
fiber, confectionery, and flavor and color encapsulation
as stabilizers [68]. As well as PBGs are organic polysac-
charide polymers that are safe, non-toxic, and readily
available in nature [69]. Due to their accessibility, afford-
ability, and desirable properties, seed gums are favored
among commercially available hydrocolloids [70]. Given
their unique physicochemical characteristics, seed gums
are also widely known for their uses as stabilizers, thick-
eners, and emulsifiers [71]. Polysaccharide gums are

employed extensively for a wide range of uses because of
their beneficial qualities. The ability of these substances
to lower surface tension also permits the stability of a
variety of phases through interactions with water, electri-
city, and space [72]. The source, extraction, and process-
ing techniques of such polysaccharides frequently affect
their molecular structure and chemical makeup. Plant-
based gums are made of monomers of sugar [73].
Depending on many factors, natural polymers’ func-
tional properties and bioactivities might differ signifi-
cantly [74]. Additionally, the procedure may result in a
wide range of molecular weights based on the method
and circumstances of dehydration.

Numerous studies have concentrated on the charac-
terization of freshly seeded mucilages and gum exudates
during the past ten years to foresee their prospective uses
in the food, pharmaceutical, paper, textile, oil, and cos-
metic industries [75]. Gum manufacture revolves around
the drying process, which is crucial to the gum’s qual-
ities. The main drying methods most usually used in
gum isolation are air drying, vacuum drying, spray dry-
ing, and freeze-drying. Studies in the past have shown
that spray drying can be utilized to produce pure, white,
homogeneous gum powder with better product qualities
and eradicate hazardous germs [76]. Cao, Li, Qi, Sun,
and Wang [77] evaluated the effect of spray drying on
camelina gum yield and properties and they concluded
that the temperature employed for drying had a substan-
tial impact on the yield, purity, and rheological features
of camelina gum, but not on the morphological proper-
ties of the gum itself. In contrast to freeze-dried gum,
spray drying changes the viscosity of the gum.

Freeze-drying is a method of dehydration based on
the sublimation of water in a product. The product is
frozen to put it under vacuum pressure, which causes
the water to sublimate and desorb. To maintain qual-
ities like flavor, color, or appearance and to reduce
the breakdown of the labile compounds, many of
which are responsible for the fragrances and nutri-
tional content of the fruits, freeze-drying is done at
low temperatures. As a result, the finished freeze-dried
product is of high quality when compared to other
dehydration methods. The final product’s chemical
and physical properties may occasionally suffer despite
its improved microbiological stability [78].

Dried seed gums’ physicochemical characteristics and
rheological behavior are influenced by the drying process
and environment. Additionally, a crucial aspect of prod-
uct quality that is impacted by the drying conditions is
the color of the dried goods. For instance, Salehi and
Kashaninejad [79] studied how various dehydration
techniques affected the physicochemical characteristics



of basil seed mucilage. The findings revealed that gums’
rheological and viscosity characteristics are functional
characteristics that are particularly vulnerable to drying.
The coloring variations and brightness of the gum solu-
tion are adversely impacted by the increase in tempera-
ture. While the gum that had been frozen-dried was the
hardest and most consistent. To assess the physicochem-
ical characteristics, microstructure, and storage durability
of xylooligosaccharides, four drying procedures were
employed in the presence of drying agents (maltodextrin
and gum Arabic). Vacuum drying was used to enhance
their physical and chemical qualities. Despite this, spray
drying emerged as the most effective drying method for
maintaining the finished product with a high level of
storage stability. With vacuum drying and a carefully
calibrated drying agent dosage, transition temperature
and a drop in water activity were attained.

To preserve a long-lasting food product, freeze-dry-
ing was suggested as a practical industrial method
[80]. According to Zain, Ghani, Kasim, and Hashim
[81], the drying procedure significantly decreased the
powdered chia mucilage’s ability to hold water. It
might be because polysaccharide gums’ chemical
makeup varies significantly depending on the drying
stage. Nearly all hydrocolloids have side units, which
alter how they function. These side units are typically
sugar units, but they can also be carboxyl groups, sul-
fate groups, or methyl ether groups. Some gums’
sugar units contain hydroxyl and anionic groups that
are arranged around water molecules.

Plant gums’ rheological and textural characteristics are
influenced by the technique and environment used for
extraction, purification, and drying. Depending on the
type and circumstances of drying, a drying process can
produce a wide range of molecular weights, hence alter-
ing viscosity. According to Amid and Mirhosseini [82],
the viscosity variations in all durian seed gums dried
using various drying techniques (oven, freeze drying,
spray drying, and vacuum oven drying) may be caused by
variations in their molecular weights. All of the dried dur-
ian seed gums were discovered to exhibit pseudoplastic
(shear-thinning) flow behavior. Nep and Conway [83]
discovered that the grewia gum’s viscosity varied from
0.20 to 0.32Pa.s depending on the drying technique,
where reached at 0.1 Hz (Pa.s) 0.32 in air drying, 0.29 in
freeze-dried and 0.2 in spray-dried. They reported that
compared to spray-dried and freeze-dried grewia gum,
air-dried grewia gum had a higher viscosity. With an
increase in shear rate, the viscosity of the gum dispersions
reduces. As a decreasing number of chain entanglements
at high shear rates accounts for the decrease in viscosity
with increasing shear, this is suggestive of pseudoplastic
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flow behavior or shear-thinning [84]. Salehi and
Kashaninejad [85] investigated how different drying tech-
niques affected the rheological, textural, and color
changes of wild sage seed gum. The findings showed that
the gum that had been freeze-dried had the highest levels
of hardness, stickiness, consistency, and adhesiveness.
Freeze-dried gum has the highest viscosity when com-
pared to oven and vacuum oven drying. The drying pro-
cess often results in a decrease in the viscosity of wild
sage seed gum. From 40 to 80 °C, increasing the tempera-
ture caused a decrease in perceived viscosity.

Flaxseed gum’s viscosity after being dried using
various methods was compared by Wang, Law, Nema,
Zhao, Liu, Deng, Gao, and Xiao [86]. According to
their assessment, flaxseed gum has a viscosity that
ranges from 1.382 to 5.087 Pa.s. It’s possible that the
drying process had a considerable impact on the
chemical makeup of balangu seed gum, causing
noticeable changes in apparent viscosity. Depending
on the drying circumstances, the drying procedures
considerably alter the ratio of soluble to insoluble
materials, which alters the powder’s viscosity.

4.3. Dietary fibers

Increased interest in developing nutritious diets has
resulted in a greater emphasis on dietary fiber in food
products [87]. Due to its major contribution to
improved health through illness prevention and man-
agement, dietary fiber is a subject of study that is intri-
guing to food scientists, nutritionists, and food makers.
Dietary fibers are said to have several important physio-
logical health advantages; they make up a significant
portion of the market for functional foods because of
these health advantages [88]. In the digestive system,
dietary fiber serves several functions [89]. Dietary fiber
is typically obtained from grains, legumes, oilseeds,
fruits, vegetables, and a variety of plant parts [90].
Dietary fiber has been extracted from various sources
using thermal, chemical, enzymatic, mechanical, and
physical processes. However, in the majority of cases,
the extraction circumstances call for extended periods
and high temperatures, which could alter the structure
of the resulting fiber and alter its usefulness [91].

A critical step in the production of dietary fiber
powder is drying. The most common way for produc-
ing dietary fiber powder is hot air drying, but it is
well recognized that this drying technique significantly
lowers product quality, especially in terms of its func-
tional characteristics. Vacuum drying may therefore
be an alternate method for creating high-quality diet-
ary fiber powder. Water boils at a lower temperature
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Table 5. The impact of different drying methods on dietary fiber.

Drying method

Main effect

Ref.

Sun drying

This technique effectively increases the amount of dietary fiber in the fruit or vegetable. The average nutritional [93]

content of dietary fiber in sun-dried guava was 21.86%, in hot air ovens, 24.39%, and in freeze-dried guava,
18.01%. This process might be an effective way to increase the amount of nutritional fiber in fruit or vegetables.

Hot air drying

Soluble dietary fiber's molecular weight dropped as a result of hot air drying. The moisture contents of the dietary [8]

fiber samples varied from 6.38 to 8.51 g/100 g. Hot air drying resulted in a drop in molecular weight and a
decrease in the viscosity of the soluble fiber solutions.

Vacuum drying

Nonuniformity’s local warming problem led to significant chlorophyll and vitamin C losses. The vacuum freeze- [94]

drying samples showed minor shrinkage (11.37) compared to microwave vacuum drying, and pulse-spouted
microwave vacuum drying. In terms of product quality, vacuum drying kept the original qualities to the fullest
extent possible, including color, flavor, form, and nutritional value.

Freeze drying

The physical and chemical properties and hypoglycemic effects were enhanced in vitro for dietary fibers, and their [8]

use in processing dietary fibers may improve their nutritional and commercial value. Freeze-drying significantly
decreased the bulk density of the soluble and insoluble dietary fiber and increased the viscosity of soluble
dietary fiber solutions (36.33 mPa s). The microstructure and bulk density of the dietary fibers were altered by
freeze-drying, which might have an impact on their functional properties.

Microwave drying

The heating of the material and the alteration in the microstructure were significantly impacted by the microwave [95]

energy that was applied. Higher microwave power may deteriorate the product’s color quality.

Spray drying

The optimized powder retained its nutritive and functional value and had more stability due to its low [96]

hygroscopicity and lower water content. Which means food products with better nutritional, functional, and

sensory attributes.

when the absolute pressure is reduced, which acceler-
ates the evaporation of moisture from a sample [92].
In the literature review, numerous food items with
high fiber content have been dried using a variety of
techniques (Table 5). On the other hand, moderate
drying conditions with lower temperatures may result
in a higher-quality final product while delaying the
dehydration process and extending the processing
period [97]. Liu, Fan, Tian, Yang, Liu, and Pan [8]
investigated how various drying techniques affected
the physical and chemical properties and in vitro
hypoglycemic effects of soluble and insoluble dietary
fiber. The physical and chemical properties and
in vitro hypoglycemic impacts of dietary fibers from
orange peel were shown to be significantly influenced
by these techniques, the results suggested. As well the
dietary fibers’ functional characteristics may change
after freeze-drying. By using various spray drying con-
ditions, the inulin extract was turned into a powder
by spray drying. The extraction and spray drying
operations resulted in solids losses, which resulted in
a relatively low yield of inulin powder. The commer-
cial inulin powders had substantially bigger particle
sizes than the inulin powders created by spray drying
[98]. Chantaro, Devahastin, and Chiewchan [99] eval-
uated the synthesis of an antioxidant-rich, high-diet-
ary fiber powder from carrot peels, and evaluated the
impact of blanching and hot air drying (60-80°C) on
the physicochemical properties and drying kinetics of
the dietary fiber powder. The results showed that
blanching had a noticeable effect on the fiber quanti-
ties and compositions, water retention, and swelling
capacities of the fiber powder. The drying temperature
within the selected range, however, had little effect on
the hydration values. When it comes to antioxidant

activity, heat degradation during both blanching and
drying led to a decrease in the amount of carotene
and phenolic compounds, which in turn caused a
decrease in the antioxidant activity of the finished
product. Higher temperatures during drying caused
nutritional loss, but there have not been many studies
to establish how dietary fiber has changed. Fruits and
vegetables were dried by freeze drying, hot air oven
drying, and natural sun drying. According to the find-
ings, dried pumpkin, yardlong beans, red cabbage,
and guava all tended to contain more dietary fiber
than other foods due to natural drying methods such
as sun drying, hot air oven drying, and freeze drying.
Tomatoes, on the other hand, showed increased con-
tents in a hot air oven, freeze drying, and natural sun
drying, respectively. The findings led to the conclu-
sion that natural sun drying could be an effective way
to increase the amount of nutritional fiber in fruits
and vegetables [93]. In their study on the impact of
air-drying temperature on the physicochemical
characteristics of dietary fiber and the antioxidant
capacity of orange (Citrus aurantium v. Canoneta)
by-products, Garau, Simal, Rossello, and Femenia
[100] hypothesized that dehydration promoted signifi-
cant modifications affecting both the physicochemical
characteristics of dietary fiber. The air-drying tem-
perature (from 30 to 90°C) utilized had a significant
impact on the importance of these alterations. The
primary changes in dietary fiber components were
found when either extended drying times at lower
temperatures or elevated drying temperatures were
used. Dehydration at 50-60 °C appears to have aided
in the modest breakdown of cell wall polymers.
However, as the air-drying temperature climbed, the
water retention capacity (WRC), FAC, and solubility



values for both by-products decreased significantly.
These investigations demonstrated that the physical
and chemical characteristics of dietary fibers are sig-
nificantly influenced by the various drying techniques.

5. Future remarks

In addition to being the oldest method of food preserva-
tion and the most popular commercial process, drying is
cutting-edge hot technology. It is distinguished by its sig-
nificance in relation to human health and global food
security, as well as by the extent to which it contributes
to minimizing food waste and the efficiency with which
it preserves and sustains food. By fuzing the benefits of
several drying technologies, an increasing number of
drying and hybrid drying technologies have been devel-
oped to enhance the product’s quality and dehydration
efficiency. More advanced dryers have also been devel-
oped to address problems caused by older technologies.
Even though drying food products has seen considerable
advancements in recent years, there are still a number of
problems that need to be fixed before these technologies
can be made more effective and efficient. In addition to
being effective and energy-saving, the drying technique
used to dry food should also provide desirable product
quality features, such as color, nutrition, taste, texture,
and capacity for rehydration. The use of novel pretreat-
ments prior to drying as alternatives to traditional pre-
treatments has proven advantageous for enhancing
drying. These new technologies can address the draw-
backs and shortcomings of some existing technologies,
which improve drying efficiency and preserve the prod-
uct’s Techno-Functional and nutritional properties.
With an increased dedication to future research, pre-
treatments before drying could become an effective and
efficient solution for the drying industry to increase
product quality and process efficiency.

Developing new dryers, modifying existing systems,
reducing energy use, and streamlining processes can all
be aided by sophisticated computer modeling and simula-
tion tools. Food quality is another crucial factor while
drying food goods, and it may be improved by utilizing
the right models [101]. Fruits and vegetables drying kin-
etics and qualitative traits are greatly impacted by the dry-
ing temperature, air velocity, and material thickness.
Automatic relative humidity (RH) management and
adjustment have been researched based on the material’s
temperature. The effectiveness and quality of fruit and
vegetable materials can be improved by the use of this
RH control drying technique. In recent years, it has
evolved into one of the modern approaches for the pro-
gress of drying technology [102]. RH during the hot-air
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impingement roast drying process has a big influence on
production and product quality [103]. To improve drying
efficiency and the quality of dried products, drying tech-
niques can also be combined. For instance, various tech-
nologies can be integrated with freeze-drying technology,
such as microwave-assisted freeze-drying (MFD), infrared
radiation-assisted freeze-drying (IRFD), and other techni-
ques. A high drying efficiency and superior quality of
dried products may be obtained by using infrared-assisted
hot air drying [104]. Pulsed vacuum drying [105] and
pulse pressure osmotic dehydration assisted by hot air
drying resulted in products of high quality [106]. Food
and agricultural products must be pretreated before dry-
ing, which may offer chances to control sample dielectric
properties and prevent quality degradation of final prod-
ucts. Numerous pretreatment techniques have been
investigated in efforts to accelerate the drying process and
enhance product quality [107, 108]. Other pretreatments,
besides the addition of salt or sucrose, benefit the color,
rehydration, and nutritional value of final goods after
drying. These include osmotic dehydration, blanching,
dipping ultrasonography, and pulsed electric fields. There
will be a need for a lot more research in the future to
examine different pretreatments that can offer desired
physical and chemical changes as well as improve heat
and mass transmission [7]. To meet the market demand
for high-quality dried products, dried foods must main-
tain the nutritional and sensory qualities of the primary
fresh ingredients at extremely high levels. As a result,
combining the existing techniques with the initial pre-
drying treatments will represent the best chance for an
effective drying technology, to deliver desiccant products
that are of the highest standard, environmentally friendly,
and highly energy-efficient.

6. Conclusion

Drying and dehydration techniques have been con-
tinually evolving since ancient times, from the sun
and convective air dryings to innovative drying tech-
niques and their combinations (hybrid). Dried foods
must meet the demands of modern consumers for
fresh, healthful prepared foods that have a long shelf
life and closely resemble the nutritional and esthetic
qualities of fresh foods. These factors serve as the
foundation for research on food industry quality traits
and processing methods. This article provides a com-
prehensive review of the impact of drying on the
nutritional and techno-functional properties of food
macromolecules. The fundamental elements of various
drying procedures, their most recent technologies, and
their consequences on the techno-functional and
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nutritional properties of food are all highlighted in
this work. Nowadays, the use of hybrid dryers, which
enhance energy efficiency, process economics, and
product quality, is encouraged and supported by
researchers and individuals with an interest in the
food sector. Therefore, researchers and scientists from
other sectors can pool their expertise and efforts to
merge two or more diverse drying methods in order
to minimize the drawbacks of these methods individu-
ally while also maintaining the quality of dried
products.

Author contribution statement

S.AS. - Conceptualization, Methodology, Validation,
Formal Analysis, Investigation, Resources, Writing -
Original Draft, Writing - Review and Editing, Visualization,
Data  Curation,  Software, Project  administration,
Supervision. L.U. - Data Curation, Writing - Original Draft,
Formal Analysis. S.J. — Writing - Original Draft, Formal
Analysis. W.E. - Data Curation, Writing - Original Draft,
Formal Analysis. A.A.R. - Validation, Writing - Review and
Editing. A.K. - Writing - Review and Editing. O.S.T. -
Conceptualization, Validation, Review, Supervision.

Disclosure statement

The authors report no conflicts of interest. The authors alone
are responsible for the content and writing of the paper. For
the purpose of open access, the author, Ali Ali Redha, has
applied a ‘Creative Commons Attribution’ (CC BY) license to
any Author Accepted Manuscript version arising.

ORCID

Shahida Anusha Siddiqui @® http://orcid.org/0000-0001-
6942-4408

Ilknur Ucak (& http://orcid.org/0000-0002-9701-0824

Surangna Jain
Wadah Elsheikh
Ali Ali Redha
Abdullah Kurt
Omer Said Toker

http://orcid.org/0000-0001-9715-8071
http://orcid.org/0000-0003-2506-2219
http://orcid.org/0000-0002-9665-9074
http://orcid.org/0000-0003-1452-3278
http://orcid.org/0000-0002-7304-2071

Data availability statement

There is no data available for this article.

References

[1] Onwude, D. I; Hashim, N.; Janius, R.; Abdan, K
Chen, G Oladejo, A. O. Non-Thermal Hybrid
Drying of Fruits and Vegetables: A Review of
Current Technologies. Innovative Food Sci. Emerg.
Technol. 2017, 43, 223-238. DOI: 10.1016/j.ifset.
2017.08.010.

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

Alaei, B.; Dibagar, N.; Chayjan, R. A,; Kaveh, M,;
Taghinezhad, E. The Effect of Short and Medium
Infrared Radiation on Some Drying and Quality
Characteristics of Quince Slices under Vacuum
Condition. Qual. Assur. Saf. Crops Food. 2018, 10,
371-381. DOI: 10.3920/QAS2017.1252.

Duan, X; Yang, X; Ren, G; Pang, Y; Liu, L.; Liu,
Y. Technical Aspects in Freeze-Drying of Foods.
Drying Technol. 2016, 34, 1271-1285. DOI: 10.
1080/07373937.2015.1099545.

Dehghannya, J.; Hosseinlar, S. H.; Heshmati, M. K.
Multi-Stage Continuous and Intermittent
Microwave Drying of Quince Fruit Coupled with
Osmotic Dehydration and Low Temperature Hot
Air Drying. Innovative Food Sci. Emerg. Technol.
2018, 45, 132-151. DOI: 10.1016/j.ifset.2017.10.007.
Moradi, M.; Azizi, S.; Niakousari, M.; Kamgar, S.;
Khaneghah, A. M. Drying of Green Bell Pepper
Slices Using an IR-Assisted Spouted Bed Dryer: An
Assessment of Drying Kinetics and Energy
Consumption. Innovative Food Sci. Emerg. Technol.
2020, 60, 102280. DOI: 10.1016/j.ifset.2019.102280.
Zhang, M.; Chen, H.; Mujumdar, A. S.; Tang, J;
Miao, S.; Wang, Y. Recent Developments in High-
Quality Drying of Vegetables, Fruits, and Aquatic
Products. Crit. Rev. Food Sci. Nutr. 2017, 57, 1239-
1255. DOI: 10.1080/10408398.2014.979280.

Zhou, X.; Wang, S. Recent Developments in Radio
Frequency Drying of Food and Agricultural
Products: A Review. Drying Technol. 2019, 37, 271-
286. DOI: 10.1080/07373937.2018.1452255.

Liu, Y; Fan, C; Tian, M,; Yang, Z,; Liu, F,; Pan, S.
Effect of Drying Methods on Physicochemical
Properties and in Vitro Hypoglycemic Effects of
Orange Peel Dietary Fiber. J. Food Process. Preserv.
2017, 41, €13292. DOI: 10.1111/jfpp.13292.

Nasim, K. P. Fundamental Drying Techniques
Applied in Food Science and Technology. Int. J.
Food Eng. Res. 2020, 6, 35-63.

Pu, Y. Y; Sun, D. W. Combined Hot-Air and
Microwave-Vacuum Drying for Improving Drying
Uniformity of Mango Slices Based on Hyperspectral
Imaging Visualisation of Moisture Content
Distribution. Biosyst. Eng. 2017, 156, 108-119. DOL:
10.1016/j.biosystemseng.2017.01.006.

Shende, D.; Datta, A. K. Refractance Window
Drying of Fruits and Vegetables: A Review. J. Sci.
Food Agric. 2019, 99, 1449-1456. DOI: 10.1002/jsfa.
9356.

Galvao, A. M, Rodrigues, S; Fernandes, F. A.
Kinetics of Ultrasound Pretreated Apple Cubes
Dried in Fluidized Bed Dryer. Drying Technol.
2020, 38, 1367-1377. DOI: 10.1080/07373937.2019.
1641511.

Hii, C. L; Ong, S. P; Yap, J. Y.,; Putranto, A,;
Mangindaan, D. Hybrid Drying of Food and
Bioproducts: A Review. Drying Technol. 2021, 39,
1554-1576. DOI: 10.1080/07373937.2021.1914078.
Barzegar, M.; Zare, D.; Stroshine, R. L. An Integrated
Energy and Quality Approach to Optimization of
Green Peas Drying in a Hot Air Infrared-Assisted


https://doi.org/10.1016/j.ifset.2017.08.010
https://doi.org/10.1016/j.ifset.2017.08.010
https://doi.org/10.3920/QAS2017.1252
https://doi.org/10.1080/07373937.2015.1099545
https://doi.org/10.1080/07373937.2015.1099545
https://doi.org/10.1016/j.ifset.2017.10.007
https://doi.org/10.1016/j.ifset.2019.102280
https://doi.org/10.1080/10408398.2014.979280
https://doi.org/10.1080/07373937.2018.1452255
https://doi.org/10.1111/jfpp.13292
https://doi.org/10.1016/j.biosystemseng.2017.01.006
https://doi.org/10.1002/jsfa.9356
https://doi.org/10.1002/jsfa.9356
https://doi.org/10.1080/07373937.2019.1641511
https://doi.org/10.1080/07373937.2019.1641511
https://doi.org/10.1080/07373937.2021.1914078

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

Vibratory Bed Dryer. J. Food Eng. 2015, 166, 302—
315. DOI: 10.1016/j.jfoodeng.2015.06.026.

Menon, A, Stojceska, V. Tassou, S. A. A
Systematic Review on the Recent Advances of the
Energy  Efficiency Improvements in Non-
Conventional Food Drying Technologies. Trends
Food Sci. Technol. 2020, 100, 67-76. DOI: 10.1016/
j-tifs.2020.03.014.

Rezvankhah, A.; Emam-Djomeh, Z; Askari, G.
Encapsulation and  Delivery of  Bioactive
Compounds Using Spray and Freeze-Drying
Techniques: A Review. Drying Technol. 2020, 38,
235-258. DOI: 10.1080/07373937.2019.1653906.
Hasan, M. U; Malik, A. U; Ali, S; Imtiaz, A;
Munir, A; Amjad, W.; Anwar, R. Modern Drying
Techniques in Fruits and Vegetables to Overcome
Postharvest Losses: A Review. J. Food Process.
Preserv 2019, 43, €14280.

Liu, Y; Zhang, Z; Hu, L. High Efficient Freeze-
Drying Technology in Food Industry. Crit. Rev.
Food Sci. Nutr. 2022, 62, 3370-3388. DOI: 10.1080/
10408398.2020.1865261.

Inyang, U,; Oboh, I; Etuk, B. Drying and the
Different Techniques. Int. J. Food Nutr. Saf. 2017,
8, 45-72.

An, K;; Zhao, D.; Wang, Z.; Wu, J.; Xu, Y.; Xiao, G.
Comparison of Different Drying Methods on
Chinese Ginger (Zingiber Officinale Roscoe):
Changes in Volatiles, Chemical Profile, Antioxidant
Properties, and Microstructure. Food Chem. 2016,
197Pt B, 1292-1300. DOI 10.1016/j.foodchem.
2015.11.033.

Moses, J.; Norton, T.; Alagusundaram, K.; Tiwari,
B. Novel Drying Techniques for the Food Industry.
Food Eng. Rev. 2014, 6, 43-55. DOIL 10.1007/
$12393-014-9078-7.

Hnin, K. K;; Zhang, M.; Mujumdar, A. S; Zhu, Y.
Emerging Food Drying Technologies with Energy-
Saving Characteristics: A Review. Drying Technol.
2019, 37, 1465-1480. DOI: 10.1080/07373937.2018.
1510417.

Giiltekin Subasi, B.; Vahapoglu, B.; Capanoglu, E;
Mohammadifar, M. A. A Review on Protein
Extracts from Sunflower Cake: Techno-Functional
Properties and Promising Modification Methods.
Crit. Rev. Food Sci. Nutr. 2022, 62, 6682-6697.
DOI: 10.1080/10408398.2021.1904821.

Samborska, K.; Poozesh, S.; Baranska, A.; Sobulska,
M.; Jedlinska, A.; Arpagaus, C.; Malekjani, N
Jafari, S. M. Innovations in Spray Drying Process
for Food and Pharma Industries. J. Food Eng. 2022,
321, 110960. DOI: 10.1016/j.jfoodeng.2022.110960.
Sagar, V.; Suresh Kumar, P. Recent Advances in
Drying and Dehydration of Fruits and Vegetables:
A Review. J. Food Sci. Technol. 2010, 47, 15-26.
DOLI: 10.1007/s13197-010-0010-8.

Hamzeh, A, Benjakul, S; Sae-Leaw, T,
Sinthusamran, S. Effect of Drying Methods on
Gelatin from Splendid Squid (Loligo Formosana)
Skins. Food Biosci. 2018, 26, 96-103. DOI: 10.1016/
j.fbi0.2018.10.001.

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

DRYING TECHNOLOGY 17

Feyzi, S.; Milani, E.; Golimovahhed, Q. A. Grass
Pea (Lathyrus Sativus L.) Protein Isolate: The Effect
of Extraction Optimization and Drying Methods on
the Structure and Functional Properties. Food
Hydrocoll. 2018, 74, 187-196. DOI: 10.1016/j.food-
hyd.2017.07.031.

Mutukuri, T. T.; Wilson, N. E; Taylor, L. S.; Topp,
E. M Zhou, Q. T. Effects of Drying Method and
Excipient on the Structure and Physical Stability of
Protein Solids: Freeze Drying vs. spray Freeze
Drying. Int. ]. Pharm. 2021, 594, 120169. DOI: 10.
1016/j.ijpharm.2020.120169.

Zhou, X; Chung, H. J; Kim, J. Y; Lim, S. T.
In Vitro Analyses of Resistant Starch in
Retrograded Waxy and Normal Corn Starches. Int.
J. Biol. Macromol. 2013, 55, 113-117. DOI: 10.1016/
j.ijjbiomac.2012.12.031.

Joshi, M.; Adhikari, B.; Aldred, P.; Panozzo, J.;
Kasapis, S. Physicochemical and Functional
Properties of Lentil Protein Isolates Prepared by
Different Drying Methods. Food Chem. 2011, 129,
1513-1522. DOI: 10.1016/j.foodchem.2011.05.131.
Kanwate, B. W, Ballari, R. V,; Kudre, T. G.
Influence of Spray-Drying, Freeze-Drying and
Vacuum-Drying  on Physicochemical and
Functional Properties of Gelatin from Labeo Rohita
Swim Bladder. Int. J. Biol. Macromol. 2019, 121,
135-141. DOI: 10.1016/j.ijbiomac.2018.10.015.
Claussen, I. C; StroMmen, I; Egelandsdal, B.;
Streetkvern, K. O. Effects of Drying Methods on
Functionality of a Native Potato Protein
Concentrate. Drying Technol. 2007, 25, 1091-1098.
DOI: 10.1080/07373930701396444.

Salem, A.; Fakhfakh, N.; Jridi, M.; Abdelhedi, O.;
Nasri, M.; Debeaufort, F.; Zouari, N. Microstructure
and Characteristic Properties of Dogfish Skin
Gelatin Gels Prepared by Freeze/Spray-Drying
Methods. Int. J. Biol. Macromol. 2020, 162, 1-10.
DOI: 10.1016/j.ijbiomac.2020.06.033.

Mad-Ali, S.; Benjakul, S.; Prodpran, T.; Maqgsood, S.
Interfacial Properties of Gelatin from Goat Skin as
Influenced by Drying Methods. LWT Food Sci.
Technol. 2016, 73, 102-107. DOIL 10.1016/j.Iwt.
2016.05.048.

Zhao, Q.; Xiong, H.; Selomulya, C; Chen, X. D,
Huang, S.; Ruan, X.;; Zhou, Q.; Sun, W. Effects of
Spray Drying and Freeze Drying on the Properties
of Protein Isolate from Rice Dreg Protein. Food
Bioprocess Technol. 2013, 6, 1759-1769. DOI: 10.
1007/s11947-012-0844-3.

Wan Omar, W. H,; Sarbon, N. M. Effect of Drying
Method on Functional Properties and Antioxidant
Activities of Chicken Skin Gelatin Hydrolysate. J.
Food Sci. Technol. 2016, 53, 3928-3938. DOI: 10.
1007/s13197-016-2379-5.

Schmidt, J. M.; Damgaard, H.; Greve-Poulsen, M.;
Sunds, A. V,; Larsen, L. B,; Hammershej, M. Gel
Properties of Potato Protein and the Isolated
Fractions of Patatins and Protease Inhibitors -
Impact of Drying Method, Protein Concentration,
pH and Ionic Strength. Food Hydrocoll. 2019, 96,
246-258. DOI: 10.1016/j.foodhyd.2019.05.022.


https://doi.org/10.1016/j.jfoodeng.2015.06.026
https://doi.org/10.1016/j.tifs.2020.03.014
https://doi.org/10.1016/j.tifs.2020.03.014
https://doi.org/10.1080/07373937.2019.1653906
https://doi.org/10.1080/10408398.2020.1865261
https://doi.org/10.1080/10408398.2020.1865261
https://doi.org/10.1016/j.foodchem.2015.11.033
https://doi.org/10.1016/j.foodchem.2015.11.033
https://doi.org/10.1007/s12393-014-9078-7
https://doi.org/10.1007/s12393-014-9078-7
https://doi.org/10.1080/07373937.2018.1510417
https://doi.org/10.1080/07373937.2018.1510417
https://doi.org/10.1080/10408398.2021.1904821
https://doi.org/10.1016/j.jfoodeng.2022.110960
https://doi.org/10.1007/s13197-010-0010-8
https://doi.org/10.1016/j.fbio.2018.10.001
https://doi.org/10.1016/j.fbio.2018.10.001
https://doi.org/10.1016/j.foodhyd.2017.07.031
https://doi.org/10.1016/j.foodhyd.2017.07.031
https://doi.org/10.1016/j.ijpharm.2020.120169
https://doi.org/10.1016/j.ijpharm.2020.120169
https://doi.org/10.1016/j.ijbiomac.2012.12.031
https://doi.org/10.1016/j.ijbiomac.2012.12.031
https://doi.org/10.1016/j.foodchem.2011.05.131
https://doi.org/10.1016/j.ijbiomac.2018.10.015
https://doi.org/10.1080/07373930701396444
https://doi.org/10.1016/j.ijbiomac.2020.06.033
https://doi.org/10.1016/j.lwt.2016.05.048
https://doi.org/10.1016/j.lwt.2016.05.048
https://doi.org/10.1007/s11947-012-0844-3
https://doi.org/10.1007/s11947-012-0844-3
https://doi.org/10.1007/s13197-016-2379-5
https://doi.org/10.1007/s13197-016-2379-5
https://doi.org/10.1016/j.foodhyd.2019.05.022

18 (&) S. ANUSHA SIDDIQUI ET AL.

(38]

(39]

(40]

(41]

(42]

(43]

(44]

(45]

[46]

(47]

(48]

Haque, M. A; Timilsena, Y. P.; Adhikari, B. Spray
Drying. In Drying Technologies for Foods, Chapter
4, Nema, P. K, Pal Kaur, B., Mujumdar, A. S., Eds.;
New India Publishing Agency: New Delhi, 2015;
pp 79-106.

Zhou, B, Zhang, M. Fang, Z; Liu, Y. A
Combination of Freeze Drying and Microwave
Vacuum Drying of Duck Egg White Protein
Powders. Drying Technol. 2014, 32, 1840-1847.
DOI: 10.1080/07373937.2014.952380.

Huang, C.; Feng, W, Xiong, J.; Wang, T.; Wang,
W.; Wang, C; Yang, F. Impact of Drying Method
on the Nutritional Value of the Edible Insect
Protein from Black Soldier Fly (Hermetia Illucens
L.) Larvae: Amino Acid Composition, Nutritional
Value Evaluation, in Vitro Digestibility, and
Thermal Properties. Eur. Food Res. Technol. 2019,
245, 11-21. DOLI: 10.1007/s00217-018-3136-y.
Uribe, E; Vega-Galvez, A.; Garcia, V.; Pastén, A,
Lopez, J; Goni, G. Effect of Different Drying
Methods on Phytochemical Content and Amino
Acid and Fatty Acid Profiles of the Green Seaweed,
Ulva Spp. J. Appl. Phycol. 2019, 31, 1967-1979.
DOI: 10.1007/s10811-018-1686-9.

Sasikumar, R.; Vivek, K; Jaiswal, A. K. Effect of
Spray Drying Conditions on the Physical
Characteristics, Amino Acid Profile, and Bioactivity
of Blood Fruit (Haematocarpus Validus Bakh.F. Ex
Forman) Seed Protein Isolate. J. Food Process.
Preserv. 2021, 45, e15568. DOI: 10.1111/jfpp.15568.
Shen, Y.; Tang, X; Li, Y. Drying Methods Affect
Physicochemical and Functional Properties of
Quinoa Protein Isolate. Food Chem. 2021, 339,
127823. DOI: 10.1016/j.foodchem.2020.127823.
Dong, W.; Hu, R;; Chu, Z; Zhao, J.; Tan, L. Effect
of Different Drying Techniques on Bioactive
Components, Fatty Acid Composition, and Volatile
Profile of Robusta Coffee Beans. Food Chem. 2017,
234, 121-130. DOI: 10.1016/j.foodchem.2017.04.156.
Deng, Y; Luo, Y.; Wang, Y; Zhao, Y. Effect of
Different Drying Methods on the Myosin Structure,
Amino Acid Composition, Protein Digestibility and
Volatile Profile of Squid Fillets. Food Chem. 2015,
171, 168-176. DOI: 10.1016/j.foodchem.2014.09.002.
Opazo-Navarrete, M. Tagle Freire, D.; Boom,
R. M.; Janssen, A. E. M. The Influence of Starch
and Fibre on in Vitro Protein Digestibility of Dry
Fractionated Quinoa Seed (Riobamba Variety).
Food Biophys. 2019, 14, 49-59. DOI: 10.1007/
$11483-018-9556-1.

Coérdova-Ramos, J. S.; Glorio-Paulet, P.; Camarena,
F; Brandolini, A.; Hidalgo, A. Andean Lupin
(Lupinus Mutabilis Sweet): Processing Effects on
Chemical Composition, Heat Damage, and in Vitro
Protein Digestibility. Cereal Chem. 2020, 97, 827-
835. DOL: 10.1002/cche.10303.

Sobeli, C.; Kayaardi, S. Optimization of Primary
Freeze Drying Conditions for Powdered Chicken
Meat Hydrolysate from Mechanically Deboned
Chicken Residues. Drying Technol. 2020, 38, 1356-
1366. DOI: 10.1080/07373937.2019.1640723.

(49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(571

(58]

(59]

(60]

Gonzalez, M.; Alvarez-Ramirez, J.; Vernon-Carter,
E. J; Reyes, L; Alvarez-Poblano, L. Effect of the
Drying Temperature on Color, Antioxidant Activity
and in Vitro Digestibility of Green Pea (Pisum sati-
vum L.) Flour. Starch-Starke. 2020, 72, 1900228.
Dong, X. Wang, J; Raghavan, V. Impact of
Microwave Processing on the Secondary Structure,
in-Vitro Protein Digestibility and Allergenicity of
Shrimp (Litopenaeus vannamei) Proteins. Food
Chem. 2021, 337, 127811. DOI: 10.1016/j.foodchem.
2020.127811.

Li, M. J; Cao, R. G; Tong, L. T; Fan, B; Sun,
R. Q; Liu, L. Y.; Wang, F. Z; Wang, L. L. Effect of
Freezing Treatment of Soybean on Soymilk
Nutritional Components, Protein Digestibility, and
Functional Components. Food Sci. Nutr. 2021, 9,
5997-6005. DOI: 10.1002/fsn3.2524.

Oyinloye, T. M.; Yoon, W. B. Effect of Freeze-
Drying on Quality and Grinding Process of Food
Produce: A Review. Processes. 2020, 8, 354. DOL
10.3390/pr8030354.

Roman, L.; Martinez, M. M. Structural Basis of
Resistant Starch (RS) in Bread: Natural and
Commercial Alternatives. Foods. 2019, 8, 267. DOI:
10.3390/foods8070267.

Grigor, J. M.; Brennan, C. S.; Hutchings, S. C;
Rowlands, D. S. The Sensory Acceptance of Fibre-
Enriched Cereal Foods: A Meta-Analysis. Int. J.
Food Sci. Tech. 2016, 51, 3-13. DOI: 10.1111/ijfs.
13005.

Harder, H.; Khol-Parisini, A.; Zebeli, Q. Treatments
with Organic Acids and Pullulanase Differently
Affect Resistant Starch and Fiber Composition in
Flour of Various Barley Genotypes (Hordeum
Vulgare L.). Starch Stdarke. 2015, 67, 512-520. DOI:
10.1002/star.201400254.

Zeng, F.; Zhu, S; Chen, F.; Gao, Q.; Yu, S. Effect of
Different Drying Methods on the Structure and
Digestibility of Short Chain Amylose Crystals. Food
Hydrocoll. 2016, 52, 721-731. DOI: 10.1016/j.food-

hyd.2015.08.012.
Kiatponglarp, W.; Tongta, S.; Rolland-Sabaté, A.;
Buléon, A. Crystallization and Chain

Reorganization of Debranched Rice Starches in
Relation to Resistant Starch Formation. Carbohydr.
Polym. 2015, 122, 108-114. DOI: 10.1016/j.carbpol.
2014.12.070.

Agama-Acevedo, E.; Pacheco-Vargas, G.; Bello-
Pérez, L. Alvarez-Ramirez, J. Effect of Drying
Method and Hydrothermal Treatment of
Pregelatinized Hylon VII Starch on Resistant Starch
Content. Food Hydrocoll. 2018, 77, 817-824. DOL:
10.1016/j.foodhyd.2017.11.025.

Rewthong, O.; Soponronnarit, S.; Taechapairoj, C.;
Tungtrakul, P.; Prachayawarakorn, S. Effects of
Cooking, Drying and Pretreatment Methods on
Texture and Starch Digestibility of Instant Rice. J.
Food Eng. 2011, 103, 258-264. DOI: 10.1016/j.jfoo-
deng.2010.10.022.

Arp, C. G; Correa, M. ]; Ferrero, C. High-Amylose
Resistant Starch as a Functional Ingredient in
Breads: A Technological and Microstructural


https://doi.org/10.1080/07373937.2014.952380
https://doi.org/10.1007/s00217-018-3136-y
https://doi.org/10.1007/s10811-018-1686-9
https://doi.org/10.1111/jfpp.15568
https://doi.org/10.1016/j.foodchem.2020.127823
https://doi.org/10.1016/j.foodchem.2017.04.156
https://doi.org/10.1016/j.foodchem.2014.09.002
https://doi.org/10.1007/s11483-018-9556-1
https://doi.org/10.1007/s11483-018-9556-1
https://doi.org/10.1002/cche.10303
https://doi.org/10.1080/07373937.2019.1640723
https://doi.org/10.1016/j.foodchem.2020.127811
https://doi.org/10.1016/j.foodchem.2020.127811
https://doi.org/10.1002/fsn3.2524
https://doi.org/10.3390/pr8030354
https://doi.org/10.3390/foods8070267
https://doi.org/10.1111/ijfs.13005
https://doi.org/10.1111/ijfs.13005
https://doi.org/10.1002/star.201400254
https://doi.org/10.1016/j.foodhyd.2015.08.012
https://doi.org/10.1016/j.foodhyd.2015.08.012
https://doi.org/10.1016/j.carbpol.2014.12.070
https://doi.org/10.1016/j.carbpol.2014.12.070
https://doi.org/10.1016/j.foodhyd.2017.11.025
https://doi.org/10.1016/j.jfoodeng.2010.10.022
https://doi.org/10.1016/j.jfoodeng.2010.10.022

(61]

[62]

(63]

(64]

[65]

[66]

(67]

(68]

[69]

(70]

(71]

(72]

Approach. Food Bioprocess Technol. 2018, 11, 2182—
2193. DOI: 10.1007/s11947-018-2168-4.

Jiang, F; Du, C.; Jiang, W.; Wang, L; Du, S. K.
The Preparation, Formation, Fermentability, and
Applications of Resistant Starch. Int. J. Biol
Macromol. 2020, 150, 1155-1161. DOI: 10.1016/j.
ijbiomac.2019.10.124.

Panyoo, A. E.; Emmambux, M. N. Amylose-Lipid
Complex Production and Potential Health Benefits:
A Mini-Review. Starch-Starke. 2017, 69, 1600203.
Yun, P; Devahastin, S.; Chiewchan, N. In Vitro
Glycemic Index, Physicochemical Properties and
Sensory Characteristics of White Bread Incorporated
with Resistant Starch Powder Prepared by a Novel
Spray-Drying Based Method. J. Food Eng. 2021, 294,
110438. DOI: 10.1016/j.jfoodeng.2020.110438.
Malumba, P.,; Massaux, C.; Deroanne, C,;
Masimango, T.; Béra, F. Influence of Drying
Temperature on Functional Properties of Wet-
Milled Starch Granules. Carbohydr. Polym. 2009,
75, 299-306. DOL: 10.1016/j.carbpol.2008.07.027.
Khoozani, A. A.; Bekhit, A. E. D. A, Birch, J.
Effects of Different Drying Conditions on the
Starch Content, Thermal Properties and Some of
the Physicochemical Parameters of Whole Green
Banana Flour. Int. J. Biol. Macromol. 2019, 130,
938-946. DOI: 10.1016/j.ijbiomac.2019.03.010.
Clemens, R. A, Pressman, P. Food Gums: An
Overview. Nutr. Today. 2017, 52, 41-43. DOIL 10.
1097/NT.0000000000000190.

Barak, S; Mudgil, D.; Taneja, S. Exudate Gums:
Chemistry, Properties and Food Applications-A
Review. J. Sci. Food Agric. 2020, 100, 2828-2835.
DOI: 10.1002/jsfa.10302.

Eghbaljoo, H.; Sani, I. K; Sani, M. A, Rahati, S;
Mansouri, E.; Molaee-Aghaee, E.; Fatourehchi, N.;
Kadi, A; Arab, A; Sarabandi, K; et al. Advances in
Plant Gum Polysaccharides; Sources, Techno-
Functional Properties, and Applications in the Food
industry-A Review. Int. J. Biol. Macromol. 2022, 222,
2327-2340. DOI: 10.1016/j.ijbiomac.2022.10.020.
Murthy, H. N. Chemical Constituents and
Applications of Gums, Resins, and Latexes of Plant
Origin. Gums, Resins and Latexes of Plant Origin:
Chemistry, Biological Activities and Uses; Springer,
2021; pp 1-21.

Niknam, R.; Ghanbarzadeh, B.; Ayaseh, A.; Rezagholi,
F. The Effects of Plantago Major Seed Gum on
Steady and Dynamic Oscillatory Shear Rheology of
Sunflower Oil-in-Water Emulsions. J. Texture Stud.
2018, 49, 536-547. DOI: 10.1111/jtxs.12352.

Vilar6é, P.; Bennadji, Z.; Budelli E; Moyna, G
Panizzolo, L. Ferreira, F. Isolation and
Characterization of Galactomannans from Prosopis
Affinis as Potential Gum Substitutes. Food
Hydrocoll. 2018, 77, 711-719. DOI: 10.1016/j.food-
hyd.2017.10.038.

Khezerlou, A.; Zolfaghari, H,; Banihashemi, S. A
Forghani, S.; Ehsani, A. Plant Gums as the Functional
Compounds for Edible Films and Coatings in the
Food Industry: A Review. Polym. Adv. Techs. 2021,
32, 2306-2326. DOLI: 10.1002/pat.5293.

(73]

(74]

(75]

(76]

(77]

(78]

(79]

(80]

(81]

(82]

(83]

(84]

(85]

DRYING TECHNOLOGY 19

da Silva, D. A.; Aires, G. C. M,; da Silva Pena, R.
Gums—Characteristics and Applications in the
Food Industry. In Innovation in the Food Sector
through the Valorization of Food and Agro-Food By-
Products, Novo de Barros, A., Gouvinhas, L., Eds;
IntechOpen: London, 2021. DOI: 10.5772/inte-
chopen.95078.

Fathi, M.; Mohebbi, M.; Koocheki, A. Introducing
Prunus Cerasus Gum Exudates: Chemical Structure,
Molecular Weight, and Rheological Properties. Food
Hydrocoll. 2016, 61, 946-955. DOI: 10.1016/j.food-
hyd.2016.07.004.

Salarbashi, D.; Tafaghodi, M. An Update on
Physicochemical and Functional Properties of Newly
Seed Gums. Int. J. Biol. Macromol. 2018, 119, 1240-
1247. DOI: 10.1016/j.ijbiomac.2018.06.161.

Aponte, M.; Troianiello, G. D; Di Capua, M.
Romano, R; Blaiotta, G. Impact of Different Spray-
Drying Conditions on the Viability of Wine
Saccharomyces cerevisiae Strains. World J. Micr.
Biotech. 2016, 32, 1-9.

Cao, X,; Li, N; Qi, G Sun, X. S.; Wang, D. Effect
of Spray Drying on the Properties of Camelina
Gum Isolated from Camelina Seeds. Ind. Crops
Prod. 2018, 117, 278-285. DOI: 10.1016/j.indcrop.
2018.03.017.

Karam, M. C; Petit, J.; Zimmer, D.; Djantou, E. B;
Scher, J. Effects of Drying and Grinding in
Production of Fruit and Vegetable Powders: A
Review. J. Food Eng. 2016, 188, 32-49. DOI: 10.
1016/j.jfoodeng.2016.05.001.

Salehi, F.; Kashaninejad, M. Effect of Drying
Methods on Textural and Rheological Properties of
Basil Seed Gum. Int. Food Res. J. 2017, 24, 2090-
2096.

Zhang, L.; Qiu, J.; Cao, X,; Zeng, X.; Tang, X.; Sun,
Y.; Lin, L. Drying Methods, Carrier Materials, and
Length of Storage Affect the Quality of
Xylooligosaccharides. Food Hydrocoll. 2019, 94,
439-450. DOI: 10.1016/j.foodhyd.2019.03.043.

Zain, N. M.; Ghani, M. A.; Kasim, Z. M.; Hashim,
H. Effects of Different Drying Methods on the
Functional ~ Properties and  Physicochemical
Characteristics of Chia Mucilage Powder (Salvia
Hispanica L.). JSM. 2021, 50, 3603-3615. DOI: 10.
17576/jsm-2021-5012-12.

Amid, B. T.; Mirhosseini, H. Influence of Different
Purification and Drying Methods on Rheological
Properties and Viscoelastic Behaviour of Durian
Seed Gum. Carbohydr. Polym. 2012, 90, 452-461.
DOI: 10.1016/j.carbpol.2012.05.065.

Nep, E. I; Conway, B. R. Physicochemical
Characterization of Grewia Polysaccharide Gum:
Effect of Drying Method. Carbohydr. Polym. 2011,
84, 446-453. DOI: 10.1016/j.carbpol.2010.12.005.
Cui, S. W. Structural Analysis of Polysaccharides.
Food Carbohydrates: Chemistry, Physical Properties,
and Applications; Taylor Francis: Boca Raton, 2005.
Salehi, F.; Kashaninejad, M. Effect of Drying
Methods on Rheological and Textural Properties,
and Color Changes of Wild Sage Seed Gum. J.


https://doi.org/10.1007/s11947-018-2168-4
https://doi.org/10.1016/j.ijbiomac.2019.10.124
https://doi.org/10.1016/j.ijbiomac.2019.10.124
https://doi.org/10.1016/j.jfoodeng.2020.110438
https://doi.org/10.1016/j.carbpol.2008.07.027
https://doi.org/10.1016/j.ijbiomac.2019.03.010
https://doi.org/10.1097/NT.0000000000000190
https://doi.org/10.1097/NT.0000000000000190
https://doi.org/10.1002/jsfa.10302
https://doi.org/10.1016/j.ijbiomac.2022.10.020
https://doi.org/10.1111/jtxs.12352
https://doi.org/10.1016/j.foodhyd.2017.10.038
https://doi.org/10.1016/j.foodhyd.2017.10.038
https://doi.org/10.1002/pat.5293
https://doi.org/10.5772/intechopen.95078
https://doi.org/10.5772/intechopen.95078
https://doi.org/10.1016/j.foodhyd.2016.07.004
https://doi.org/10.1016/j.foodhyd.2016.07.004
https://doi.org/10.1016/j.ijbiomac.2018.06.161
https://doi.org/10.1016/j.indcrop.2018.03.017
https://doi.org/10.1016/j.indcrop.2018.03.017
https://doi.org/10.1016/j.jfoodeng.2016.05.001
https://doi.org/10.1016/j.jfoodeng.2016.05.001
https://doi.org/10.1016/j.foodhyd.2019.03.043
https://doi.org/10.17576/jsm-2021-5012-12
https://doi.org/10.17576/jsm-2021-5012-12
https://doi.org/10.1016/j.carbpol.2012.05.065
https://doi.org/10.1016/j.carbpol.2010.12.005

20 (&) S.ANUSHA SIDDIQUI ET AL.

(86]

(87]

(88]

(89]

[90]

[91]

(92]

(93]

[94]

[95]

[96]

(97]

(98]

Food Sci. Technol. 2015, 52, 7361-7368. DOI: 10.
1007/s13197-015-1849-5.

Wang, J.; Law, C. L; Nema, P. K;; Zhao, J. H.; Liu,
Z. L; Deng, L. Z; Gao, Z. J.; Xiao, H. W. Pulsed
Vacuum Drying Enhances Drying Kinetics and
Quality of Lemon Slices. J. Food Eng. 2018, 224,
129-138. DOI: 10.1016/j.jfoodeng.2018.01.002.
Hamad, A. M. Evaluation of Dietary Fiber and the
Effect on Physicochemical Properties of Foods.
IJSRST. 2021, 5, 421-433. DOIL 10.32628/
IJSRST218385.

Mudgil, D.; Barak, S. Classification, Technological
Properties, and Sustainable Sources. In Dietary
Fiber: Properties, Recovery, and Applications; Charis
M. Galanakis, Ed.; Elsevier: Cambridge, MA, 2019;
pp. 27-58.

Jahan, K.; Qadri, O. S;; Younis, K. Dietary Fiber as
a Functional Food. In Functional Food Products
and Sustainable Health, Ahmad, S., Al-Shabib, N,
Eds.; Springer: Singapore, 2020, 155-167. DOIL: 10.
1007/978-981-15-4716-4_10.

Hemdane, S.; Jacobs, P. J.; Dornez, E.; Verspreet, J.;
Delcour, J. A.; Courtin, C. M. Wheat (Triticum aes-
tivum L.) Bran in Bread Making: A Critical Review.
Compr. Rev. Food Sci. Food Saf. 2016, 15, 28-42.
DOI: 10.1111/1541-4337.12176.

Tejada-Ortigoza, V.; Garcia-Amezquita, L. E;
Serna-Saldivar, S. O.; Welti-Chanes, J. Advances in
the Functional Characterization and Extraction
Processes of Dietary Fiber. Food Eng. Rev. 2016, 8,
251-271. DOI: 10.1007/s12393-015-9134-y.
Tanongkankit, Y.; Chiewchan, N.; Devahastin, S.
Evolution of Antioxidants in Dietary Fiber Powder
Produced from White Cabbage Outer Leaves:
Effects of Blanching and Drying Methods. J. Food
Sci. Technol. 2015, 52, 2280-2287. DOI: 10.1007/
s13197-013-1203-8.

Siriwattananon, L.; Maneerate, J. Effect of Drying
Methods on Dietary Fiber Content in Dried Fruit
and Vegetable from Non-Toxic Agricultural Field.
Geomate. 2016, 11, 2896-2900. DOI: 10.21660/2016.
28.1372.

Huang, J; Zhang, M. Effect of Three Drying
Methods on the Drying Characteristics and Quality
of Okra. Drying Technol. 2016, 34, 900-911. DOL:
10.1080/07373937.2015.1086367.

Gelen, S. Effect of Microwave Drying on the Drying
Characteristics, Color, Microstructure, and Thermal
Properties of Trabzon Persimmon. Foods. 2019, 8,
84. DOL: 10.3390/foods8020084.

Singh, C. S; Paswan, V. K, Rai, D. C. Process
Optimization of Spray Dried Jamun (Syzygium
Cumini L.) Pulp Powder. LWT-Food Sci. Technol.
2019, 109, 1-6. DOI: 10.1016/j.1wt.2019.04.011.
Kumar, C.; Karim, M.; Joardder, M. U. Intermittent
Drying of Food Products: A Critical Review. J. Food
Eng. 2014, 121, 48-57. DOI: 10.1016/j.jfoodeng.
2013.08.014.

Khuenpet, K; Fukuoka, M, Jittanit, W,
Sirisansaneeyakul, S. Spray Drying of Inulin
Component Extracted from Jerusalem Artichoke Tuber
Powder Using Conventional and Ohmic-Ultrasonic

(99]

[100]

[101]

[102]

[103]

(104]

[105]

[106]

[107]

[108]

Heating for Extraction Process. J. Food Eng. 2017, 194,
67-78. DOI: 10.1016/j.jfoodeng.2016.09.009.

Chantaro, P; Devahastin, S; Chiewchan, N.
Production of Antioxidant High Dietary Fiber
Powder from Carrot Peels. LWT-Food Sci. Technol.
2008, 41, 1987-1994. DOI: 10.1016/j.lwt.2007.11.013.
Garau, M. C; Simal, S.; Rosselld, C.; Femenia, A.
Effect of Air-Drying Temperature on Physico-
Chemical Properties of Dietary Fibre and
Antioxidant Capacity of Orange (Citrus Aurantium
v. Canoneta) by-Products. Food Chem. 2007, 104,
1014-1024. DOI: 10.1016/j.foodchem.2007.01.009.
Malekjani, N.; Jafari, S. M. Simulation of Food
Drying Processes by Computational Fluid Dynamics
(CFD); Recent Advances and Approaches. Trends
Food Sci. Technol. 2018, 78, 206-223. DOI: 10.1016/
j-ifs.2018.06.006.

Zhang, W. P, Yang, X. H; Mujumdar, A. S; Ju,
H. Y.; Xiao, H. W. The Influence Mechanism and
Control Strategy of Relative Humidity on Hot Air
Drying of Fruits and Vegetables: A Review. Drying
Technol. 2022, 40, 2217-2234. DOIL 10.1080/
07373937.2021.1943669.

Zhang, W. K,; Zhang, C; Qi, B; Mujumdar, A. S;
Xie, L; Wang, H,; Ni, J. B,; Xiao, H. W. Hot-Air
Impingement Roast Drying of Beef Jerky: Effect of
Relative Humidity on Quality Attributes. Drying
Technol. 2023, 41, 277-289. DOIL  10.1080/
07373937.2022.2049294.

Wang, H.; Liu, Z.-L.; Vidyarthi, S. K;; Wang, Q.-H,;
Gao, L.; Li, B.-R;; Wei, Q.; Liu, Y.-H,; Xiao, H.-W.
Effects of Different Drying Methods on Drying
Kinetics, Physicochemical Properties, Microstructure,
and Energy Consumption of Potato (Solanum tuber-
osum L.) Cubes. Drying Technol. 2020, 39, 418-431.
DOI: 10.1080/07373937.2020.1818254.

Wang, J.; Mujumdar, A. S.; Wang, H.; Fang, X. M,;
Xiao, H. W,; Raghavan, V. Effect of Drying Method
and Cultivar on Sensory Attributes, Textural
Profiles, and Volatile Characteristics of Grape
Raisins. Drying Technol. 2021, 39, 495-506. DOI:
10.1080/07373937.2019.1709199.

Pei, Y. P; Sun, B. H,; Vidyarthi, S. K; Zhu, Z. Q;
Yan, S. K;; Zhang, Y.; Wang, J.; Xiao, H. W. Pulsed
Pressure Enhances Osmotic Dehydration and
Subsequent Hot Air Drying Kinetics and Quality
Attributes of Red Beetroot. Drying Technol. 2023,
41, 262-276. DOI: 10.1080/07373937.2022.2031209.
Pei, Y. P; Vidyarthi, S. K; Wang, J.; Deng, L. Z;
Wang, H; Li, G. F; Zheng, Z. A; Wu, M,; Xiao,
H. W. Effect of Vacuum-Steam Pulsed Blanching
(VSPB) on Drying Characteristics and Quality
Properties of Garlic Slices. Drying Technol. 2022, 40,
1232-1246. DOI: 10.1080/07373937.2020.1861620.
Wang, J.; Xiao, H. W Fang, X. M.; Mujumdar,
A. S; Vidyarthi, S. K; Xie, L. Effect of High-
Humidity Hot Air Impingement Blanching and
Pulsed Vacuum Drying on Phytochemicals Content,
Antioxidant Capacity, Rehydration Kinetics and
Ultrastructure of Thompson Seedless Grape. Drying
Technol. 2022, 40, 1013-1026. DOIL 10.1080/
07373937.2020.1845721.


https://doi.org/10.1007/s13197-015-1849-5
https://doi.org/10.1007/s13197-015-1849-5
https://doi.org/10.1016/j.jfoodeng.2018.01.002
https://doi.org/10.32628/IJSRST218385
https://doi.org/10.32628/IJSRST218385
https://doi.org/10.1007/978-981-15-4716-4_10
https://doi.org/10.1007/978-981-15-4716-4_10
https://doi.org/10.1111/1541-4337.12176
https://doi.org/10.1007/s12393-015-9134-y
https://doi.org/10.1007/s13197-013-1203-8
https://doi.org/10.1007/s13197-013-1203-8
https://doi.org/10.21660/2016.28.1372
https://doi.org/10.21660/2016.28.1372
https://doi.org/10.1080/07373937.2015.1086367
https://doi.org/10.3390/foods8020084
https://doi.org/10.1016/j.lwt.2019.04.011
https://doi.org/10.1016/j.jfoodeng.2013.08.014
https://doi.org/10.1016/j.jfoodeng.2013.08.014
https://doi.org/10.1016/j.jfoodeng.2016.09.009
https://doi.org/10.1016/j.lwt.2007.11.013
https://doi.org/10.1016/j.foodchem.2007.01.009
https://doi.org/10.1016/j.tifs.2018.06.006
https://doi.org/10.1016/j.tifs.2018.06.006
https://doi.org/10.1080/07373937.2021.1943669
https://doi.org/10.1080/07373937.2021.1943669
https://doi.org/10.1080/07373937.2022.2049294
https://doi.org/10.1080/07373937.2022.2049294
https://doi.org/10.1080/07373937.2020.1818254
https://doi.org/10.1080/07373937.2019.1709199
https://doi.org/10.1080/07373937.2022.2031209
https://doi.org/10.1080/07373937.2020.1861620
https://doi.org/10.1080/07373937.2020.1845721
https://doi.org/10.1080/07373937.2020.1845721

	Impact of drying on techno-functional and nutritional properties of food proteins and carbohydrates - A comprehensive review
	Abstract
	Introduction
	Drying technologies in the food industry
	Impact of drying on proteins
	Techno-functional properties
	Protein solubility
	Foaming properties
	Emulsifying properties
	Water and oil holding capacities
	Gelation properties

	Nutritional properties
	Amino acid composition
	Protein digestibility


	Effect of drying on carbohydrates
	Starch
	Gums
	Dietary fibers

	Future remarks
	Conclusion
	Author contribution statement
	Disclosure statement
	Orcid
	References


