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Abstract. The paper reviews and analyses the advantages and
disadvantages of the existing technologies of drying shiitake
mushrooms, which are a valuable source of bioactive polysaccharides,
vitamins, antioxidants, etc. The findings presented in the paper show
how various drying methods and their thermotechnological operating
parameters affect the mechanostructural properties, chemical
composition, content of aromatic substances and other compounds of
mushrooms. It has been demonstrated that the traditional convection
drying of shiitake in the temperature range 50-60°C allows maximum
preservation of phenolic compounds, organic acids, nucleotides,
sulphuric aromatic substances, and enhances the unique aroma of the
mushroom. Radiation drying has such advantages as lower shrinkage of
dried shiitake mushrooms, a higher coefficient of rehydration and higher
hardness, and the drying time reduced by 66% compared with freeze-
drying. Vacuum drying makes it possible to obtain high quality
products, but significantly increases the duration of the process and
reduces the content of aromatics. Radiation drying combined with hot
air allows obtaining a dry form of shiitake rich in protein and bioactive
polysaccharides and having high physicochemical properties, and
reduces the duration of the process by 37.5% compared with convection
drying. Spray drying of shiitake mushrooms is highly practical
economically and allows organising industrial manufacture of high-
quality dry mushroom powder in large volumes. It is characteristic of
this drying method that its temperature effect on the product is slight,
which makes it possible to preserve thermolabile bioactive substances.
When using spray drying, it is advisable to add dextrin additives. This
improves the structuring and moisture-conducting properties of the
suspensions and their thermal stability, and helps preserve the unique
aroma of shiitake mushrooms due to encapsulation of aromatic
compounds. Studying the effect of various drying methods on the
physicochemical properties of shiitake will lead to improving the
existing technological processes and will make it possible to obtain
products with desired properties.

Key words: shiitake mushroom, convection drying, radiation
drying, vacuum freeze-drying, spray drying.

Introduction. Formulation of the problem

promote breakdown of glycogen and fats. Fibre in their

composition helps to improve digestion, detoxes the

The leading role of healthy nutrition has been been
becoming more and more evident in recent years, as it is
one of the most important factors ensuring a full and
active lifestyle. This led to the interest and active
demand for so-called superfoods — plant-based products
with a high concentration of beneficial nutrients. It can
be fish, fermented milk products, vegetables, berries,
nuts, leafy greens, algae, etc. These types of food
include mushrooms. Due to the content of B and D
vitamins and other bioactive substances, mushrooms
have powerful antioxidant and nutritional properties, and

XapuoBa Hayka i Texrosiorist / Food science and technology

organism, and activates weight lost [1,2].

Delicacy mushrooms from the countries of Southeast
Asia (reishi, tree ear, shiitake) have a specific composition
and properties and have been used for thousands of years
in traditional oriental medicine to restore the body’s
defences. The agaric basidiomycete shiitake (Lentinula
edodes) is considered to be a real “elixir of life”: it is a
natural balanced complex of unique bioactive substances
with  pronounced  oncostatic,  immunomodulatory,
hepatoprotective, and antiviral effects [3-6]. The well-
known polyscharide lentinan isolated from the fruiting
body of shiitake gently stimulates the human immune
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system, eritadenine (lentinacin) can normalise blood
pressure, and the complex of polyphenols, vitamins,
macro- and microelements exhibits antioxidant activity,
has an anti-inflammatory effect, and helps to lower
cholesterol [7-10].

At the present stage, the world production of
mushrooms is growing every year. Market experts believe
that the demand for fresh and processed mushrooms will
grow in the years to come by at least 6-8% annually.
Today’s mushroom cultivation technologies make it
possible to obtain 80-100 kg/year of the product in terms
of dry protein from 1 hectare of a mushroom plantation.
According to Fortune Business Insights, global mushroom
consumption is expected to reach 20.84 million tons by
2026. The largest production volume (about 70%) is that
of champignons (Agaricus bisporus). Cultivation of wood-
destroying shiitake (Lentinula edodes) and oyster
mushrooms (Pleurotus ostreatus) is also a promising
direction [11,12].

China is the world leader in cultivating all types of
industrial mushrooms. Its share in the world production of
cultivated mushrooms is almost 37% (that of the United
States is 25%, of France 10%, of Italy 6.8%). This branch
of economy is developing rapidly in Poland [13,14]. In the
world, mushroom production is a whole industry that not
only grows mushrooms but processes them, too.
Mushroom products are supplied to consumers in various
forms: fresh, frozen, tinned, freeze-dried mushrooms. In
Japan, China, South Korea, the USA, etc., various types of
cultivated mushrooms, besides being used in the food
industry, are valuable raw materials in the production of
bioactive and medicinal substances, broad-spectrum drugs
with curative and prophylactic effects. For example, in
China, they are the basis of more than 500 medicines and
dietary supplements [12].

The share of industrial production of medicinal
shiitake mushrooms is growing especially fast. This edible
basidiomycete is the undisputed leader in the countries of
Southeast Asia. Its annual production is currently about
600 thousand tons. In the world, shiitake is the second
most produced mushroom (the first being champignons)
due to its high nutritional value, excellent taste and a wide
range of medicinal properties. Among other things, it helps
in the treatment of immunodeficiency, cancers and
cardiovascular diseases: hypertension, coronary heart
disease, atherosclerosis, consequences of heart attacks and
strokes, other diseases. Japan has been the largest producer
of shiitake for many years, followed by China and Korea.
In the USA and Canada it began being grown in the early
70s, and in Europe, about 10-15 years ago. The increasing
popularity of shiitake is confirmed by the fact that its
global production over the past 40 years has grown more
than 30 times [13,15].

In recent years, the industrial mushroom cultivation in
Ukraine has also been developing intensively. This is one
of the most dynamic and promising sectors of Ukrainian
agriculture characterised by significant growth rates (25—
30% per year). Mushroom production in Ukraine is mainly
focused on the domestic market, and 90% of the market of
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cultivated mushrooms is held by champignons. The annual
production of exotic mushrooms (shiitake, agrocybe,
eryngi) is about 120 tons. In Ukraine, edible
basidiomycetes, including shiitake, are cultivated and
processed by Fungoterra LLC, Esmash LLC, Niko Agro
Holding LLC, etc. The demand for their products is
increasing, and, given the rapid development of industrial
mushroom cultivation in the world, it has significant
potential [16-18]. Unfortunately, the annual consumption
of mushrooms and mushroom products in our country
only averages 1.5 kg per capita, while in China, this figure
is 5 kgfyear, in France 3.1 kg/year, in Great Britain 2.7
kg/year, and in the USA 2.2 kg/year. Mushroom imports
in Ukraine will exceed exports until the home market is
fully provided with domestic products [19-23].

Cultivated mushrooms belong to perishables. To
develop the further manufacture of mushroom products
and increase their consumer and commercial appeal in the
domestic and foreign markets, it is a task of current
importance to create and improve integrated zero-waste
technologies of processing mushrooms. Shiitake differs
from other species in that it has a rich chemical
composition with a variety of medicinal and health-
improving effects. However, most modern methods of
processing these mushrooms only focus on isolating
pharmacologically active substances, which, as a rule, are
components of a polysaccharide complex. This is
accompanied by losing a significant part of the
mushroom’s unique biologically valuable potential. That is
why it is so topical a task, both scientific and technical, to
develop new modern technologies that will allow complex
zero-waste processing of the fruiting body of the shiitake
mushroom, taking into account its unique composition and
properties.

The food industry widely uses various methods of
drying mushrooms to increase significantly their shelf life,
improve storage and transportation conditions, and to
preserve the nutritional and biological value of finished
products with certain aromatic and taste properties. New
properties of a food product that form in the course of
drying are due to significant changes in the composition of
raw materials as a result of chemical and biochemical
reactions [24,25].

To solve the problem of creating a technology of
complex processing of shiitake mushrooms without losing
their bioactive substances, it is important to analyse the
existing traditional and alternative drying methods and
modes and their effect on the chemical composition and
physicochemical properties of the mushroom. Establishing
the main advantages and disadvantages of each of them
will allow choosing and scientifically substantiating the
most practical method of processing shiitake to create a
modern high-performance technology of products in their
dried form.

Drying a wet material is a complex thermophysical
and technological process. The course and duration of
drying depend on the chosen method, equipment,
temperature and velocity of the drying agent, relative air
humidity, size of the material’s particles, etc. When
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manufacturing dried mushrooms, it is very important to
carry out the drying process under conditions favourable
for biochemical processes aimed at creating a product with
high nutritional and biological properties, strong aroma,
and pleasant taste. Scientists throughout the world study
how oriental medicinal mushrooms affect the human
body’s protective function and how their processing tells
on their chemical composition. Primarily, these are the
Japanese researchers G. Chihara and J. Hamuro. The
particular features of spray drying of mushrooms are
studied by H. Shiga and H. Yoshii, by Israeli scientists of
the University of Haifa (among them S. P. Wasser), by
Russian scientists (E. Feofilova, T. Puchkova), by
researchers from M. G. Kholodny Institute of Botany of
the National Academy of Sciences of Ukraine (N. Bisko),
and others.

The purpose of the paper is to study the current
problems of the existing methods of drying the shiitake
mushroom, their effect on the chemical composition,
quality, and preservation of its bioactive components.

The objective of the research is to analyse scientific
publications devoted to studying and solving the problem
of creating industrial technologies of manufacturing
nutritionally and biologically valuable high-quality
products from shiitake mushrooms in dry form.

Analysis of recent research and publications

According to the theory of drying, a fresh
mushroom containing up to 88-92% of moisture [26]
is a capillary-porous colloidal body containing water in
all forms of bonds: chemical, physicochemical, and
physicomechanical. Chemically bound moisture is
characterised by the highest energy of the bond with
the material and can be removed from the material at
high temperatures (above 120-200°C) [27], but, as a
rule, this changes the molecular structure of the
material. Physicochemically bound moisture, in turn,
falls into adsorption and osmotic moisture. The group
of physicomechanically bound moisture comprises the
moisture of micro- and macrocapillaries and the
moisture of wetting. Physicomechanical and osmotic
moistures have weak energy of bonds and are free
moisture by their properties. Adsorption moisture is
water adsorbed on the outer and inner surfaces of
colloidal particles. It is held by molecular forces and is
bound moisture. The mechanism of material transport
inside a solid phase is complex, because part of the
moisture evaporates inside the material and travels to
the surface in the form of liquid and vapour
simultaneously due to the action of various forces. The
share of the influence of the flows of phases and acting
forces depends on many factors, both internal
(associated with the structure of the material dried) and
external (the operating parameters of the process and
the properties of the drying agent). Besides, the ratio of
flows and forces changes throughout the process [28].
In the course of drying, the physical,
mechanostructural, and technological properties of the
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material change [29]. When studying the mushroom
drying Kinetics, the authors [30] note that the process is
characterised mainly by the presence of the stage of
decreasing velocity, which indicates the complexity of
drying this material.

The choice of the method and thermotechnological
parameters of drying, as well as the physicochemical
effect during the preliminary preparation of raw
materials, significantly affects the quality and
composition of the dry product. When drying edible
mushrooms, including shiitake, the types of drying
most often used are: convection, by the exposure to
energy fields (infrared rays, electric field of high and
super high frequencies, acoustic field, electromagnetic
field of low frequencies), vacuum, spray, freeze-
drying, or their various combinations. Energy
characteristics are an important criterion when
choosing a drying method. When assessing the quality
of a dry product, special attention is paid to
determining the sensory and mechanostructural
properties of the dried product, its ability to rehydrate,
and its chemical composition, in particular, the content
of volatile aromatic substances, about 150 of which are
found in different mushroom species (aliphatic
alcohols, ketones with 8 carbon atoms, etc.) [2].

The traditional method of drying mushrooms is
convection drying, which is usually carried out at low
temperatures (50-75°C) and at the velocity of the heat-
carrying agent not less than 0.5 m/s. Depending on the
type of the dryer and on how finely the raw materials
have been comminuted, drying takes 3—4 hours to 5-6
hours [25]. For example, at the first stage, when the
temperature of the heat-carrying agent is about 50°C,
drying is carried out for 2 hours, then the temperature
is raised to 70-80°C, and the material continues to dry
for another 1.5-2 hours. At the third stage, the drying
temperature is reduced to 50-55°C, and the
mushrooms are dried for about 2 more hours. This
drying method ensures the evaporation of 70-76% of
water, the complete process of drying the mushroom
takes 9-12 hours [31].

The authors [32,33], who studied the kinetics of
hot air drying of mushroom caps in the temperature
range 30-70°C, recommend using the upper
temperature limit of no more than 50°C. A further
increase in the temperature negatively affects the
colour of the dried material and its rehydration
capacity. However, in [34], it is noted that for the
complete inactivation of fungal enzymes, the drying
temperature is to be above 60°C, but to prevent the
Maillard reaction and caramelisation, it should be
below 70°C. With an increase in the temperature and
drying rate, the samples were characterised by falling
periods of the drying rate while there was no constant
period of drying. This indicates the dominance of the
diffusion process of moisture removal from the inside
of the material to its surface [30,35].

Drying not only prolongs the shelf life of
mushrooms, but also enhances their aroma and unique
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taste. Thus, with hot air drying at 50°C, it was noted
that the stipes had a higher content of phenolic
compounds, neutral sugars, nucleotides, amino and
uronic acids than the caps did [36]. Y. Tian et al. [37]
note that drying with hot air also increases the content
of free amino acids and sulphur compounds of dried
products. An increase in temperature to 60°C leads to a
higher total content of organic acids and aromatics.
The samples dried at 70°C showed the highest
equivalent umami concentrations [38].

On the other hand, Guo et al. [39], on studying 6
variants of convection drying of the mushroom, argue
that an improved chemical composition (g/100 g of dry
matter: proteins — 20.75, fats — 2.32, total sugars —
32.06, dietary fibre — 30.46 moisture — 3.19, ash — 5.67,
energy — 983.43 kJ), colour retention, and improved
rehydration properties of shiitake can be achieved by
the periodic method of drying at 55°C with different
intervals between drying periods: 5 minutes every 55
minutes of drying during the first 5 hours, 10 minutes
every 50 minutes for the next 7 hours, and 15 minutes
every 45 minutes at the end of drying.

Convection drying of shiitake by the periodic
method can be carried out at a low temperature at the
beginning of drying, with its further increase, and vice
versa, too: the material can be dried first at high
temperatures, followed by the final drying at lower
temperatures [40]. Thus, in the method [41], to prevent
darkening during hot air drying, shiitake is pre-soaked
in 0.05-0.1% sodium bisulphite solution (NaHSOs) for
5-10 minutes. Next, the sliced mushrooms are dried at
30°C with a gradual temperature increase (2°C/h) to
T=50°C. The total duration of the process is 12-13
hours. At the end of drying, the mushrooms are heated
to T=60°C and kept at this temperature for 1 hour to
enhance the aroma. This method of drying allows
achieving the moisture content most favourable for
storage (6-8%), and dried shiitake mushrooms are
characterised by an increased amount of 5-
ribonucleotides involved in aroma formation [42]. As a
comparison, vegetables contain 1-10 mol of 5-
nucleotides/100 g of fresh product, and button
mushrooms about 50 mol of 5-nucleotides/100 g of
fresh mushroom, while shiitake contain 182-235
mol/100 g of fresh mushroom. Another component that
forms the pleasant taste of shiitake extract is 5'-
guanidylic acid, the content of which increases during
the breakdown of ribonucleic acids under the action of
ribonuclease at 60—70°C [41].

To increase the content of aromatic substances due
to the thermal activation of specific enzymes (gamma-
glutamyltransferase and hyaluronidase), other authors
first carry out preliminary convection drying of
shiitake with air for 30 minutes, gradually increasing
the temperature from 45°C to 75°C, which is followed
by drying for 4.5 hours at a temperature lowered to
45°C (or at T=60°C for 4 hours). During the entire pre-
drying process, the activity of these enzymes remains
high, which contributes to the formation of aromatics
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and a higher content of sulphur compounds and
formaldehyde. The mushroom particles dried at these
thermotechnological parameters are harder and have a
higher coefficient of rehydration, but a lower degree of
shrinkage and darkening [40].

The authors (Patent 2034488 RU) have developed
a two-stage convective method of drying mushrooms
involving rolling of their particles between drying
periods. According to this method, crushed mushroom
plates, 6-18 mm thick, are dried on a belt dryer at 70—
90°C and at the air rate 1.3-1.5 m/s for 1.5-1.8 hours
till the moisture content is 12-20%. Then the dried
mushroom plates are flattened by rolling and dried in a
convective dryer at T=50-75°C, with the same rate of
the heat-carrying agent as at the first stage, for 0.6-1.5
hours to the final moisture content 4-8%. Then the
dried material is ground into particles sized no more
than 3 mm. These parameters and sequence of stages
not only allow reducing the loss of raw materials
during grinding, drying, and rolling, but also prevent
the burning of the product’s particles and loss of
bioactive substances.

In [43], it is experimentally established that the
temperature 55°C is optimal for convection drying of
shiitake, since it ensures the shortest time of the
process and the highest content of B-glucan. On the
other hand, the researchers [36] note that when drying
shiitake mushrooms with hot air, there is a decrease in
their hydrophilic properties and ability to rehydration,
they become dark in colour and form a hard texture.

Thus, the main advantage of the traditional
convective method of drying mushrooms is the
simplicity and availability of equipment. However,
significant losses of bioactive substances and
deterioration in the product’s quality due to prolonged

exposure to rather high temperatures are its
disadvantages. Besides, this drying method is
characterised by increased  specific  energy

consumption and takes significant time. To obtain a
dried mushroom with the final moisture content 4-5%,
the drying of the material can last up to 10-12 hours.
For intensive energy transfer from the heat-carrying
agent to the material, it is necessary to move large
volumes of air in the dryer. The large temperature
potential of emissions and their large volumes lead to
significant energy losses with the waste heat carrier.
According to some authors, more than half of the
energy expended is lost in convective dryers.

Infrared drying. Today, to dry mushrooms and
other plant raw materials, infrared energy is widely
used [25,44]. The equipment includes conveyor-type
tunnel belt dryers or multifunctional infrared drying
ovens. The main advantage of this type of drying is
rapid removal of moisture and rather low temperatures
of the process (up to 60°C). These temperature
conditions make it possible to preserve almost
completely the bioactive substances, vitamins, natural
colour, taste, and aroma of dried products. The faster
drying of plant materials is explained by the fact that
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infrared waves only affect the water molecules in the
material. The radiant heat flux partially penetrates the
capillary-porous bodies up to 20 mm in depth and is
absorbed almost completely, but it is especially
effective for drying thin layers of material (up to 5-
7 mm). This process is characterised by high values of
the heat exchange coefficient, and a unit of the surface
of a raw material receives much more heat in a unit of
time than it does with the convection drying method.
The reduced duration and capital costs of infrared
drying can make its prime cost lower than that of
convection drying, which makes it more promising.
However, a disadvantage of this drying is the high
consumption of specific power, which is the main
obstacle to its widespread industrial implementation.

Technologically, infrared drying of mushroom raw
materials occurs due to radiation of infrared waves
with the length A=0.76-15 microns, with the power of
the heaters N=1-75 kW. A product, cut into plates
sized up to 60 mm, is laid out in one layer. The drying
temperature is t = 40-60°C, the distance from the
radiation source is up to 14 cm, with 2 kg/m? of the
material loaded. Researchers suggest the following
rational conditions for drying shiitake mushrooms
using infrared radiation: the middle wavelength range
(A=2.4-3.0 um), the heating temperature t=60°C, and
the air velocity 1.4 m/s [45]. Hermetically sealed
packaging allows extending the shelf life and
preserving the quality characteristics of dry
mushrooms. For better drying, preliminary thermal
preparation of mushroom raw materials is used, for
example, blanching or roasting (Patent 83002 UA), or
the energy of infrared radiation can be combined with
other drying methods [46]. There are results of
research into convection drying of cultured oyster
mushrooms that was combined with drying using
infrared rays, both light and dark, from infrared
emitters of various powers. The optimal power of the
dark heating elements was found to be 1.5 kW and that
of the light ones 2 kW at the specific load 4.4 kg/m?.
The optimal air rate is 5.5 m/s, and the distance from
an IR emitter to the material to be dried is 12 cm.
Under these conditions, the oyster mushroom retains
the highest contents of protein (24.2% and 24.0%
respectively) and nitrogen (3.9% and 3.4%
respectively) [47].

Thus, the method of infrared drying of mushroom
raw materials allows quickly removing moisture at low
temperatures, preserving valuable bioactive substances
and compounds, and obtaining the finished mushroom
product with high organoleptic characteristics.
However, this method is still problematic, since it is
characterised by low productivity and high specific
energy consumption. Besides, due to the specific
features of absorption of infrared radiation, only the
surface layers of the material are dried, which makes it
difficult to remove moisture from the inner layers.

Another mushrooms drying technique is the use of
super high frequency (microwave) radiation, when the
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material is heated mostly from the inside, unlike
infrared radiation, which heats the object from the
outside to the inside [48, 49]. Electromagnetic waves
of the microwave range (A=0.001-1 m, v=2.45-2.46
GHz, power P=0.5-1 kW) deeply penetrate the
material to be dried. This ensures heating the material
more uniformly throughout the entire volume, thus
significantly accelerating the drying process. Due to
the high drying rate, mushrooms retain their beneficial
properties, natural taste, colour, and aroma. Microwave
drying is several times more productive than the
convection method is (Patent 2035844 RU). This
drying method has disadvantages, though: the moisture
that evaporates from the material settles on the walls of
the working chamber, which leads to its heating. So,
additional ventilation is needed, and the product has to
be constantly turned over, which increases the drying
time. Besides, this method does not allow drying
mushrooms till a required dry matter content is
achieved. Therefore, microwave radiation, too, is often
used in combination with other mushroom drying
methods. There is a method of drying mushrooms in a
microwave oven, followed by convection drying. First,
part of the moisture is removed from the material in a
microwave oven at a temperature not exceeding 95°C.
This lasts 5-40 minutes until the final weight of the
product is 30-90% of the initial one. Then, the drying
of the partially dehydrated product is completed by the
convection method (Patent 2063691 RU, Patent
2035844 RU).

For long-time storage of products, with the
maximum preservation of their properties (taste,
colour, odour) and bioactivity, the food and
pharmaceutical industries also use vacuum drying.
There are two methods: vacuum drying at an elevated
temperature of the product (cold vacuum drying) and
vacuum drying at a sub-zero temperature (vacuum
freeze-drying), when water turns into the gaseous state
at temperatures below the boiling point. The method is
used for products high in bioactive substances that are
sensitive to high temperatures.

Cold vacuum drying consists in dehydration at a
subatmospheric pressure, but above the triple point of
water. The source of heat can be infrared heating
lamps, microwave generators, or heating surfaces.
Drying processes in vacuum are similar to those taking
place during convection or infrared drying. Reduced
pressure contributes to the more intensive evaporation
of moisture from the product due to an increase in the
mass transfer coefficient, which, to a first
approximation, is inversely proportional to the
pressure. The drying temperature of vegetable raw
materials approximately corresponds to that of
saturation or the boiling point of water at a given
pressure in the drying chamber of the apparatus. An
important technological advantage of vacuum dryers,
as compared with hot air dryers, is intensive drying at
low temperatures. This is a crucial factor in preserving
of bioactive substances of plant materials otherwise
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lost under the influence of high temperatures. The air-
tightness of the drying chamber prevents the raw
materials from contamination by dust present in the
working environment. Besides, during vacuum drying,
there is but very little oxygen in the environment. This
is important for raw materials with the technical
conditions of drying that do not allow its presence.

The work [50] determined the equilibrium
moisture content in shiitake caps dried in a vacuum
dryer (0.2 bar) at 50, 55, and 60°C with a heat pump as
the source of heat. It was found that with an increase in
the relative humidity from 20 to 75%, the equilibrium
moisture content of the mushrooms being dried
increased, respectively, from 0.2 to 0.45 g/g of dry
matter. The authors also note that drying the
mushrooms at temperatures below 50°C leads to its
microbiological deterioration.

In the method described in Patent 2133094 RU,
chopped mushrooms are placed on trays in a layer of
up to 40 mm and dried in a chamber at 60-70°C in a
vacuum, the value of which is cyclically changed in the
range 0-0.04 MPa. When the moisture level reaches
14%, the drying process is stopped, the mushrooms are
packed in an airtight container, and the water obtained
during drying is collected for its further processing.
This drying method allows obtaining a product of high
quality.

Vacuum drying of mushrooms is used in the
production of powdered food concentrates such as
soups, sauces, meat products, vegetables, herbal
extracts, juices, thickeners or flavourings and spices.
Chopped mushrooms are slowly boiled in their natural
juice for 30 minutes, then a 40% starch suspension is
added in the ratio 1:0.2-0.5 respectively, and they are
dried in a vacuum at 25-30°C for 2 hours and at 50—
55°C for another 2—3 hours till the moisture content is
10% (Patent 2129810 UA). In the course of drying,
dissolved low-molecular flavouring and aroma-
forming substances are adsorbed on starch fractions,
which results in a finished product with pronounced
aromatic and taste properties.

The authors [51] studied the physicochemical
parameters of the quality of shiitake samples vacuum-
dried in the temperature range 46-74°C, with a
reduced pressure of 20-580 mbar, simulated this
process using the response surface methodology, and
established the optimal conditions to be 57°C and the
pressure p=100 mbar.

However, according to [52], although periodic
vacuum-pulse drying of mushrooms crushed to 5-10
mm at 55°C, with a periodic decrease in the pressure
from atmospheric to 100 Pa for 30 s and its subsequent
increase to atmospheric for 100 s, improves their
adsorption and microbiological parameters, this,
nevertheless, decreases the content of volatile and
aroma-forming components in edible mushrooms. In
comparison with mushrooms dried with hot air, this
parameter is lower by 45-55%.
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In general, due to the complexity of the drying
process and the high cost of equipment, the vacuum
drying method is not widely used.

The high quality of dried mushrooms is provided
by freeze-drying: the frozen material is dried in a fixed
bed under a deep vacuum. During this process,
moisture passes into vapour, bypassing the liquid
phase. Although this method is expensive and requires
complex apparatus, the cost of equipment and
operation can be justified by the excellent quality
characteristics of the dried mushrooms: retention of the
primary structure and shape, high porosity, low bulk
density, high rehydration properties, etc. [38].

Drying is done in a batchwise manner. During the
process, the temperature conditions change: from a
temperature below the freezing point of the mixture (to
remove surface moisture) to low above-zero
temperatures for additional drying of the material and
removal of bound moisture. As a result, a lyophilised
mass is formed, which follows the shape of the
container in which the drying is carried out. Very
often, the lyophilisate is highly hygroscopic, so it must
be quickly packaged in a moisture-proof container.
Energy is supplied by conduction (heat transfer from
the shelf on which the material is located) or radiation
(heat supply from the heated upper shelf to the
material). There are installations in which additional
energy is supplied by means of installed infrared and
microwave emitters [53].

According to one of the freeze-drying methods,
blanched mushrooms are fed for freezing into a
vacuum chamber where the pressure is continuously
decreased. This results in intensive evaporation of
moisture (up to 10-15%) and cooling of the
mushrooms to the temperature of water crystallisation.
Next, the raw material is quickly frozen to minus 15—
18°C, preventing the formation of crystals that lead to
undesirable cell destruction and irreversible changes in
proteins, and the ice is evaporated by vacuum
treatment (133.3-13.3 Pa or 1-0.1 mm Hg). The
freezing stage has a decisive influence on the quality of
the final product, so, to ensure high quality of the dried
product, it is necessary to create a uniformly
distributed fine-crystalline structure of ice in the
material. Under these conditions, the structure of the
mushroom does not change, since cooling is quick and
even, which excludes the formation of large ice
crystals. The subsequent sublimation of the frozen
material is carried out in the reverse temperature mode:
the temperature of the product is increased from the
lowest value achieved during freezing to 1°C, thus
removing ~more than 50% of  moisture.
After that, the material is finally dried at about 30°C.
When the residual unfrozen moisture evaporates, the
drying rate decreases and the product’s temperature
rises continuously. The drying of mushrooms is
completed when their moisture content is no more than
6-8% [54].
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The advantages of the freeze-drying method are
the high quality of the finished mushroom product,
retention of the colour, taste, and composition, and
quick recovery. However, this drying method has its
drawbacks, which include the periodicity, duration and
high energy consumption, the complexity, strict
requirements for the equipment, and high
hygroscopicity of the dried material. The main reason
why freeze-drying is so costly is that the process
occurring at sub-zero temperatures is less intensive, the
motive force of the process is lower than it is during
thermal drying. There are a number of ways to
intensify the process, and, consequently, to reduce the
drying time: carrying out the process in a vacuum
under  conditions of active  hydrodynamics,
combination with radiation drying, etc. [55].

In [56], the authors considered different drying
methods: freeze-drying (FD), far-infrared radiation
drying (FIRD), heat pump drying (HPD), hot air drying
(HAD), and hot-air-combined controlled instant
pressure drop drying (DIC). These methods were
compared for their effect on the drying efficiency and
quality characteristics of dried shiitake mushrooms. In
comparison with the HPD, HAD, and DIC, the FIRD
shiitake mushroom had a better appearance, lower
shrinkage and hardness, and higher rehydration ratio
(7.55). These values were close to those of the FD
sample. Besides, the FD and FIRD samples were found
to be significantly higher in protein (2.47 mg/g and
2.30 mg/g respectively) and in polysaccharides
(1.79 mg/g and 1.39 mg/g respectively). Using FIRD
reduced the drying time by 66.25%, as compared with
FD, and resulted in the highest content of aroma-
forming components, most of which were specific
sulphides (24.59%). Thus, the shiitake mushroom dried
by the FIRD method had the best quality
characteristics among the products dried by the five
drying methods.

Combined methods of mushroom drying. Quite a
number of papers focus on studying how the
mechanostructural properties of food products are
determined by various drying methods and by their
combinations that can intensify the process and shorten
the drying time [57-60]. The combination of radiation
drying with hot air results in the shortest drying time,
while convection combined with radio frequency
energy allows achieving the best colour and preserving
the nutrient of a mushroom. Under the conditions
tested, convection drying with infrared radiation in the
medium wavelength range provides the minimal
shrinkage (maximum rehydration) and lower hardness
upon rehydration [61].

The paper [62] studies how mid-infrared drying
(MIRD) applied before or after freeze-drying (FD) of
shiitake mushrooms shortens the drying time, enhances
the rehydration, and allows better preserving the aroma
compounds and colour. Combination of FD (for 4 h)
with following MIRD saves 48% of time, as compared
with FD, and keeps the product’s quality at an
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acceptable level. The MIRD-FD combination was
found to be inferior to FD-MIRD, since the former
tended to produce products with a collapsed surface
layer and poor rehydration capability.

In [63], shiitake mushrooms were dehydrated by
two different drying methods: microwave-vacuum
drying (MVD) and microwave-vacuum combined with
infrared drying (MVD+IR). MVD was carried out at
the microwave powers 56, 143, 209, and 267 W under
the absolute pressures 18.66, 29.32, 39.99, and 50.65
kPa, whereas in MVD+IR, infrared radiation was
added at 100 and 200 W. It was found that the drying
rate increased with lower absolute pressures, higher
microwave power, and higher infrared power. The
preferable drying conditions, with respect to the
product’s quality parameters (colour, rehydration ratio,
texture of rehydrated mushrooms) and energy
consumption, were MVD+IR drying with the
microwave power 267 W, absolute pressure 18.66 kPa,
and infrared power 200 W. The study [51], also
confirms that shiitake can be vacuum-dried at 57°C
and 100 mbar.

The authors [61] present their findings on how the
drying characteristics and key quality parameters of
shiitake (Lentinula edodes) are determined by the three
hybrid drying technologies applied at 60°C: mid-
infrared-assisted convection drying (MIRCD), hot air
coupled with radio frequency drying (HCRFD), and
hot air coupled with microwave drying (HCMD). For
comparison, the standard drying technique using hot
air was also tested. The results showed that hot air
coupled with microwave drying gave the shortest
drying time. Mid-infrared-assisted convection and hot
air coupled with radio frequency drying showed better
colour attributes and nutrient retention. Mid-infrared-
assisted convection drying yielded minimal shrinkage
(maximal rehydration) and lower hardness upon
rehydration [61].

The paper [64] evaluated the influence of different
drying methods on the aroma and sensory profile of the
shiitake mushroom. The drying methods tested were:
convection drying (CD), freeze-drying (FD), vacuum-
microwave drying (VMD), and a combination of
convective pre-drying and vacuum-microwave finish-
drying (CPD-VMFD). The volatile composition of
fresh and dried shiitake mushrooms was analysed and
showed the presence of 71 volatile compounds, most of
them present in all dried samples but with quantitative
variation. The major volatile compounds in fresh
shiitake were 1-octen-3-ol (20.2%), 2-octanone
(20.7%), 1,2,A-trithiolane (9.8%), and 1,2,3,5,6-
pentathiepane (8.2%). Drying of shiitake mushrooms
caused significant losses of Cg compounds and cyclic
sulphur compounds. Samples dried by CD at 80°C for
120 min had the highest contents of total volatiles
(1594 pg per 100 g™) and cyclic sulphur compounds
(126 pg per 100 g™), and the highest intensity of most
of the sensory attributes: inner colour (7.0), fresh
shiitake flavour (6.7), and sponginess (6.2). The best
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dehydration methods resulting in the highest total
concentrations of volatile compounds and the highest
sensory attributes were FD and CD at 80°C. Similar
data were obtained in [65]. In particular, dimethyl
disulphide,  dimethyltrisulphide,  1,2,4-trithiolane
(CoH,S5), 1,2,4,6-tetratiepane (C3HeSys), and
1,2,3,4,5,6-hexathiepan (CH,Sg) were identified as the
main sulphur-containing metabolites in dried shiitake
mushrooms. Dry shiitake was irradiated with doses of
5 and 10 kGy. The total volatile compounds were
decreased by more than 50%, including sulphur-
containing compounds [66].

The purpose of the study [67] was to conduct
comparative analyses on drying Kkinetics, colour,
rehydration ratio, polysaccharide content, and aromatic
components composition of shitake mushrooms dried
by using hot air drying, infrared drying, and
intermittent microwave-assisted hot air drying.
Intermittent microwave-assisted drying resulted in
greatly reduced drying time and higher drying rate in
comparison with the other methods. The highest
polysaccharide content (240.28 mg/100g) was
achieved with microwave-assisted drying used. Shitake
mushrooms treated with hot air showed the greatest
amount of sulphuric aromatic compounds (7.7%) and
the highest rehydration ability, and differed less in the
colour of their caps.

The practical importance of drying shiitake using
infrared radiation in combination with hot air was
confirmed in [68]. The purpose of this research was to
study the effect of thermal and non-thermal drying on
the drying kinetics and physicochemical properties of
the final product. The results showed that shiitake
mushroom treated with non-thermal drying (vacuum
freeze-drying) had an attractive colour, low shrinkage,
and uniform honeycomb structure. However, the
drying time was the longest, and the method did not
lead to the formation of shiitake mushroom aroma. On
the contrary, the thermal-dried shiitake mushrooms had
an attractive fragrance. Unlike hot air convection
drying (HAD), infrared hot air convection drying
(IRHAD) shortened the drying time by 37.5% and led
to the highest oxidation resistance, the highest
polysaccharide content, and the least colour change of
the dried sample.

Analysis of the results has shown that the lowest
and highest energy consumption levels when drying
mushroom slices were associated with microwave and
vacuum dryers respectively. The use of vacuum in
combination with microwave drying increased energy
consumption, as compared with microwave drying.
The combination of hot air with infrared drying
reduced energy consumption, compared with infrared
drying alone. Using a combined microwave-vacuum
dryer reduced the drying time and, consequently, the
energy consumption, compared with vacuum drying.
Thus, the lowest energy consumption was observed
when drying mushroom slices with infrared radiation
in combination with hot air. But combined drying leads
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to more stages of processing and more complicated
production technology.

Spray drying is often used to produce mushroom
powders and granular products. Spray drying makes it
possible to develop significantly the interfacial surface
and obtain a significant increase in the evaporation
surface. This allows achieving intensive mass and heat
exchange between the product and the drying agent
and increasing the general energy efficiency of the
process. Mushroom solutions, emulsions, suspensions,
or pastes are sprayed into the drying chamber and,
upon contact with the hot drying agent (air or flue gas),
are dehydrated in quite a short time. Spray drying is
applied to materials that cannot be mechanically
dehydrated, are highly thermosensitive (thus, cannot be
exposed to high temperatures too long), and contain
particles that can agglomerate. The process takes place
under very mild conditions, that is why even unstable
substances are well preserved and easily rehydrated.
This type of drying makes it possible to obtain dry
powder products with the required structural,
dispersive, and taste characteristics, which are not
inferior in quality to products obtained by freeze-
drying. Spray dryers are widely used due to their
versatility and the ability to dry almost any liquid.
There is a whole range of spray dryers of various
capacities [69]. During drying by this method, the air is
filtered, heated, and enters the feeding device located
in the upper part of the apparatus. From there, it is fed
into the chamber and forms a rotational air flow in it.
At the same time as the air is supplied, an aqueous
suspension is dispersed in the drying chamber by
means of centrifugal discs or pneumatic or mechanical
nozzles. When air interacts with finely dispersed
particles of the solution, moisture evaporates. High
intensity of moisture evaporation is achieved due to the
dispersed distribution of the material in the working
chamber, through which the heated air moves, while
the specific evaporation surface becomes so large that
the drying process ends very quickly (up to about 15—
30 s). The sprayed particles turn into powder. Under
the action of gravity, part of the already dry product
falls to the bottom of the chamber and is removed from
its lower part. The other part of the dewatered
substance is transported by the air flow to the cyclone
separator, from where it is unloaded. By regulating the
flow of hot air, it is possible to reduce or increase the
rate of moisture evaporation. The output gases are
expelled from the apparatus after the smallest particles
have been removed in a wet scrubber. This way is the
most effective for obtaining finely dispersed free-
flowing powder or granules. The specific character of
the process allows obtaining a high-quality product due
to the high intensity of heat and mass transfer between
the material and the heat carrying gas. The transfer is
determined by the degree of dispersion of the wet
material, the temperature of the heat carrier, and the
hydrodynamic characteristics of the apparatus [55].
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Besides whole shiitake mushrooms, their
individual parts or extracts can be processed, too.
A number of publications and patents describe
methods of obtaining mushroom powder from
extracts of the fruiting body, or mycelium
(JPHO7313089A, JP5856655A). The fruiting body
(mycelium) of a mushroom is extracted with water or
a water—ethanol mixture with the concentration up to
50% at 10-60°C for 15-30 minutes. The resulting
extract is quickly heated to 60-100°C in a heat
exchanger, cooled, and filtered until transparent. Then
the extract is dried by spraying at the air temperature
150-180°C at the entrance to the drying chamber and
70-90°C at the exit from it. The dried powder product
has high taste qualities, contains a lot of
physiologically active substances, and is more stable
when stored. It was determined [70,71] that heat
treatment of a liquid mushroom extract led to the
accumulation of the sulphur-containing aroma-
forming substance lenthionin, but it did not affect the
content of other aromatic substances in the dried
powder.

At the stage of preliminary preparation for
obtaining extracts and suspensions, the drying
conditions of shiitake are improved by using
hydromechanical methods of dispersion and
homogenisation. For this purpose, mechanical
dispersers, high pressure homogenisers, colloid mills,
and pulsation devices are used [72]. In
(CN101617808A), a method of producing granular
mushroom condiment from shiitake mushrooms is
described. The technology involves washing
mushrooms, boiling them at 95°C for 2 minutes,
grinding at the mushroom to water mass ratio 1:2 using
a meat mincer or colloid mill until puree is formed,
homogenisation under high pressure to destroy the cell
walls in the mushrooms, concentration till achieving
the dry matter content 30-40%, spray drying, adding
flavouring components (sodium glutamate,
maltodextrin, sodium chloride, egg yolk powder, yeast
extract, disodium-5-ribonucleotide), granulating, and
drying in a vacuum chamber at the temperature of the
heat-carrying agent 55-60°C till the final moisture
content is 5%. The finished condiment is characterised
by an enhanced fresh aroma of meadow and straw
mushrooms and has a mild taste.

A specific feature of an aqueous suspension made
from shiitake when used as an object for spray drying
is its abnormally high viscosity [73]. This is due to the
peculiarities of the morphological structure of these
mushrooms and their chemical composition (a lot of
high-molecular-weight water-insoluble
polysaccharides with sorption properties). Their
presence complicates feeding the material into the
drying chamber, and when an aqueous suspension is
sprayed, the conditions for the formation of a spherical
shape of droplets and their uniform dispersion are
impaired. This leads to uneven drying, deposition of
the wet product on the walls of the drying chamber,
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and the low quality of dry powder. The following
structuring additives improve the drying conditions:
mono- and disaccharides, starch, gelatine, sodium
bicarbonate, microcrystalline cellulose,
methylcellulose, dextrins, etc. [72]. In [70,71], it was
found that aromatics are most effectively preserved by
introducing such substances as malto- or cyclodextrin.
When treating mushroom extracts or suspensions with
branched cyclodextrin, the components are included in
the clathrate cavity. Due to the structure formation, the
quality properties of dry powder are improved, the
stability and activity of the components during storage
are increased, and the product becomes more
functional.

One of the ways to process shiitake mushrooms is to
obtain dry powders of protein hydrolysates for functional
nutrition. In [74], enzymatic hydrolysis of shiitake
mushroom powder was carried out with 15% (g/g) papain
(activity 4600 NF/mg) at 65°C and pH 7.0 for 18 hours.
The resulting hydrolysate was spray-dried and freeze-
dried. Comparison of these two drying methods showed
that the dry hydrolysates obtained differed in their
composition, physicochemical properties, antioxidant
activity, and organoleptic characteristics. It has been
proved that the drying process affects the concentration of
free amino acids and physiologically active peptides,
causing a specific off-flavour. Free amino acids,
especially aspartic and glutamic acids, alanine, leucine,
lysine, tyrosine and phenylalanine, can be the main
components that affect the taste of dry mushroom
hydrolysates. The taste of the sample was improved by
the addition of 30% maltodexdrin. The results showed
that using spray drying was preferable. The powder thus
obtained was high in protein, low in moisture, and had
better organoleptic properties. Besides, the spray-dried
sample had low water activity values and a higher
solubility index.

Thus, the use of spray drying makes it possible to
organise industrial manufacture of high-quality dry
mushroom powder with a high content of bioactive
substances and a good rehydration capacity. The
method is efficient, has an insignificant temperature
effect on the product during dehydration, and allows
drying thermolabile solutions. It can be used to obtain
new nanostructured materials. The disadvantages of
spray drying are its complexity and high cost of
equipment.

Conclusion

102

The analysis of a number of publications and
patents has shown considerable interest in the use of
various drying methods when processing shiitake
mushrooms to obtain high quality characteristics of the
dry product and preserve unique bioactive substances.
Researchers pay much attention to the energy
efficiency of drying technologies.

The drying method and thermotechnological
operating parameters of the process greatly affect the
quality and properties of the dry mushroom product
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obtained. Thus, convection drying of mushrooms in the
temperature range 50-60°C allows the maximum
preservation of compounds of phenolic nature, organic
acids, and nucleotides, and enhances the unique aroma
of the mushroom. The advantages of infrared drying
are lower shrinkage, lower hardness, and higher
rehydration rates, and the drying time is shorter by
66% than it is with freeze-drying. Vacuum drying of
shiitake results in a significant decrease in the content
of flavouring substances, namely, by 45-55%
compared with convection drying. Spray drying is
highly economical and efficient and makes it possible
to organise the industrial manufacture of high-quality
dry mushroom powder in large volumes. The specific
feature of spray drying is but a slight temperature
effect on the product during dehydration, which allows

drying thermolabile solutions high in bioactive
substances and obtaining a product with a high
rehydration rate. The use of structuring additives helps
to preserve the unique aroma of the mushrooms due to
encapsulation of odorous compounds. The method can
be used to obtain new nanostructured materials.
Combining various drying methods makes it possible
to obtain mushroom powder with desired
physicochemical properties.

Research and improvement of various methods of
drying mushrooms will increase the energy efficiency
of the process, allow their complex processing, result
in maximum preservation of the nutritional and
biological value of raw materials, and make it possible
to obtain high-quality products with long shelf life.
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AnoTanisi. CTaTTIO NPHUCBSYEHO OIIAY Ta aHaNi3y IepeBar Ta HEMOJIKIB iCHYIOUMX TEXHOJIOTIH CYLIIHHS IUIOZOBOTO
Tina OasumianpbHOrO0 Tpuba MmMiTaKke, SAKANH € IIHHUM JDKepesioM OIOJIOTIYHO AaKTHBHHX MOJiCaxapHIiB, BiTaMiHIB,
aHTHOKCHMIAHTIB, ToIlo. HaBexmeHo 3arampHi pe3ylbTaTH JOCHIKEHb BIUIMBY pI3HHX CHOCO0IB CyIIiHHA Ta iXHIX
TEIUIOTEXHOJIOTIYHUX ~ PEeXMMHHUX MapaMeTpiB Ha CTPYKTYPHO-MEXaHiYHi BJIACTUBOCTI, XIMIYHMA CKJIaJA, BMICT
apoMaTOYTBOPIOBATFHUX PEYOBMH Ta IHIMIMX CHONyK. [loka3aHo, mo mpwW CymiHHI rpuba mMmuMiTake TpaguliiHIM
KOHBEKTHBHHIM CII0cOOOM B TeMmeparypHoMy niamazoHi 50—-60°C MakcuMaabHO 30epiraroTbes CrodyKu (HEeHONBHOI IPHPOIH,
OpraHi4YHI KUCIOTH, HYKICOTHAH, CipuaHi apoMaTHYHI PEUOBHHH Ta MOCUIIOETHCS YHIKANBbHHHA apomar rpuba. IlepeBaroro
paziamiifHOro CyIIiHHS € MEHIIHMH CTYIHB YCaJKi BHCYIICHOTo Tpuba mmuitake, OLTBII BUCOKUH KOedilieHT perimparamii Ta
TBEpAICTb, NMPU LBOMY TPUBATICTh CYIIiHHA Ha 66% MeEHIIa y HOpIBHSIHHI 3 cyOmimaniiiHuM croco6om cyminas. [lpu
BaKyyMHOMY CIIOCOO0i CyIIiHHS, P BUCOKIl IKOCTI MPOJYKTY, TPUBAIICTB IIPOLIECY 3HAUHO 30LTBIIYETHCS 1 3HHIKYETHCS] BMICT
apOMAaTOYTBOPIOBAILHUX PeuoBHH. PajialiiHuii cnoci CyuiHHS y NOEHAHHI 3 rapA4UM IOBITPSAM J03BOJISE OTPUMATH CYXY
¢dopmy rpuba muiTake 3 BUCOKMM BMICTOM Oijka Ta 0i0JIOTIYHO aKTHBHHX IMOJicaXapHIiB, BUCOKMMH (i3MKO-XiMIYHHMH
BJIACTUBOCTSMH Ta CKOPOTUTH dac mporecy Ha 37,5% y TOpIBHSHHI 3 KOHBEKTHBHHM CYNIHHSM. BukopucTaHHS
PO3MITIOBATBHOTO CYIIIHHS MAa€ BUCOKY €KOHOMIYHY IOLUIBHICTH i MOXKIIMBICTH OpraHi3allil MPOMHCIOBOTO BHPOOHUIITBA
BHCOKOSIKICHOTO CYXOro I'pHOHOTO IMOpPOLIKY y BENHMKHX 00csrax. XapaKTepHHM € HE3HaYHUH TEeMIIepaTypHUH BIUIMB Ha
MPOAYKT, 10 HAJIA€ MOXKIMBICTh 30€pEkKECHHS TepMONAOTFHIX Gi0JOTIYHO aKTUBHHUX PEUOBHH. [IpH 1IbOMY METOJI CYNIiHHS
JOLIJIBHUM € BHECCHHSI IEKCTPUHOBHX J100aBOK, 110 MOKPAIYIOTh CTPYKTYPYIOYi Ta BOJIOTONPOBI/IHI BIACTHBOCTI CyCHEH3il i
1 TEPMOCTIHKICTB, 8 TAKOXK CIPHSIE 30ePEeKEHHIO YHIKAIBHOTO apoMary rpuba 3a paxyHOK KarCyJIIOBaHHS 0JI0PYIOUYHX CIIOJYK.
BuBueHHS BIUIMBY Pi3HHX CIOCOOIB CymIiHHA Ha (i3MKO-XIMIYHi BJIAaCTHBOCTI rpuba MIMIiTaKe JO3BOJIUTH YAOCKOHAIHTH
iCHYIOY1 TEXHOJIOTi4HI POLIECH Ta OTPUMATH MPOIYKT i3 3alaHUMHU BIACTHBOCTSIMHU.

KnawuoBi ciaoBa: rpu0 mmiTake, KOHBEKTHBHE CYIIIHHS, pafialiiiHe CYIIiHHS, BakyyM-cyOiiMamiiiHe CyIIiHHS,
PO3IMITIOBAIBHE CYILITIHHS.
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