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Abstract

Oz

In the present study, a comparative study was conducted on drying
characteristics, physicochemical (color, texture, rehydration ratio, total
phenolic content, and antioxidant activity), and microstructural (SEM
and XRD) properties of mushroom slices using conventional (control,
50°C at atmospheric pressure) and high temperature (75 °C-10 min)-
vacuum treatments (-90 kPa) (HT-VT) at a different stage of
conventional drying. HT-VT is carried out in the beginning (PRE),
intermediate (MID70 and MID110), and final (POST) stages of hot air
drying. HT-VT at low moisture content led to having similar drying and
physicochemical properties to hot-air dried counterparts. MID and
POST samples were more comparable with control, while PRE samples
were completely different from control. According to SEM and XRD
analyses, these differences can be associated with the decomposition of
the cell wall and mannitol content within the tissue cells. PRE samples
had a softer texture, darker color, and less rehydration ratio with the
lowest total phenolic content and antioxidant activity among the others
(p<0.05). The hardness, total color change, rehydration ratio, and total
phenolic content of POST were similar (p>0.05) and the antioxidant
activity was significantly different from the control (p<0.05). This study
showed that drying duration can be shortened with desirable
physicochemical properties by application combined high temperature
and vacuum at lower moisture content levels.

Keywords: Vacuum, Mushroom, Drying.

Bu ¢alismada geleneksel yéntem (kontrol, 50 °C, atmosferik basing) ve
farkli periyotlarda yiiksek sicaklik (75 °C-10 dk.) ve vakum (-90 kPa)
uygulamast ile kurutulan mantar dilimlerinin kuruma karakteristikleri,
fizikokimyasal (renk, tekstiir, rehidrasyon orani, toplam fenolik madde
ve antioksidan icerigi) ve mikroyapisal ozellikleri (SEM ve XRD)
karsilastirilmistir.  Yiiksek sicaklik -vakum uygulamast geleneksel
kurutma éncesi (PRE), orta asamalart (MID70-MID110) ve sonu (POST)
uygulanmistir. MID ve POST érneklerinin kurutma karakteristikleri ve
fizikokimyasal ézelliklerinin kontrolle benzer ve PRE érneklerinin
kontrolden tamamen farkli oldugu gorilmiistir. SEM ve XRD
analizlerine gore bu farkliliklar mantar hiicre duvarinda olan bozulma
ve hiicre dokusunda bulunan mannitol icerigindeki degisim ile iliskilidir.
PRE ¢rnekleri diger érneklerden daha yumusak, daha koyu renkli,
diistik rehidrasyon kapasitesine sahip ve toplam fenolik madde
iceriginin ve antioksidan aktivitesinin daha diistik oldugu gériilmiistiir
(p<0.05). POST orneklerinin sertlik, toplam renk degisimi, rehidrasyon
orani ve toplam fenolik madde icerigi kontrolle benzer (p>0.05) ve
antioksidan icerigi farklidir (p<0.05). Bu calisma yiiksek sicaklik-vakum
uygulamasinin diisiik nem igeriginde uygulanmasit ile kurutulmugs
mantar dilimlerinin fizikokimyasal ozellikleri etkilenmeden kuruma
stiresinin kisaltilabilme potansiyeli gésterilmigtir.

Anahtar kelimeler: Vakum, Mantar, Kurutma.

1 Introduction

Mushrooms are very popular around the world with their
unique flavor, texture, and bioactive compounds; therefore itis
used as an ingredient in many food formulations [1]. Mushroom
(Agaricus bisporus) is highly perishable with a very short shelf-
life. Drying is one of the preservation methods to store
mushrooms and is applied to preserve approximately 5% of the
fresh mushrooms. Conventional dried mushrooms have serious
disadvantages such as losses of color, flavor, and nutrient value
with reduction of bulk density and rehydration capacity due to
high drying temperature and long time. These undesired
properties restrict the usage of conventional drying to preserve
mushrooms [2]. The application of an appropriate drying
method is an important factor due to the very heat-sensitive
properties of mushrooms. Conventional hot-air drying, freeze-
drying, and vacuum drying methods are used in industrial dried
mushroom production. Conventional hot-air drying is
conducted at a low-temperature range, between 40°C and 70°C,

*Corresponding author/Yazisilan Yazar

and this leads to a long drying time with poor physical
properties (3). Freeze-dried mushrooms have high-quality
properties but long drying times and high operation costs limit
its usage (4). Vacuum drying is a common method for the
dehydration of heat-sensible foods. Ambient pressure is
reduced during the vacuum drying; therefore this causes the
reduction of both of boiling point of water and water vapor
concentration. This provides the formation of a vapor pressure
difference between the interior and the surface of the product.
Simultaneous heat and mass transfer occur during the drying
process. In vacuum drying, the convection effect is reduced,
which causes limited heat transfer and a long drying time due
to a decrease in the diffusion coefficient [5,6]. The highest
drying time was obtained by vacuum drying among the drying
techniques in cabinet moisture dryers, fluidized bed dryers, and
microwave ovens (6). In the literature, vacuum is applied in
different ways to enhance drying rates such as pulsed vacuum
drying and explosion puffing drying. Pulsed vacuum drying
(PVD) is novel and promising drying technology. In the
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literature, pulsed vacuum drying applications have been
practiced for blueberry [7], lemon slices [8], rhizoma
dioscoreae [9], and grape [10]. By PVD, the ambient pressure of
the drying chamber is changed between vacuum pressure and
atmospheric pressure at specific time intervals. Shortening
drying time, inhibiting oxidative reactions, and reduction of
degradation of heat-sensitive compounds are the main
advantages of PVD. Using appropriate atmospheric and vacuum
durations is an important factor to enhance the drying rate and
physicochemical properties of mushrooms [11]. Explosion
puffing drying is the other drying technique that is applied
using a vacuum. In this technique, sudden temperature increase
and sudden pressure decrease are applied at the intermediate
stage of hot air drying which is called puffing [12]. Hot air
drying is a pre-treatment method of explosion puffing drying to
reduce the initial moisture content of food. To puff the sample
low moisture content (25-50%) is required and generated
steam amount in food during puffing depends on moisture
content [13].

In the light of this information, vacuum pressure periods affect
final dried food quality and drying characteristics according to
the moisture content of food. In this study, we demonstrate that
high temperature-vacuum pressure can affect the drying
characteristics and physicochemical properties of mushroom
slices. To achieve better quality products, vacuum/atmospheric
pressure application periods during drying are important. By
understanding this phenomenon, the drying process, and
physicochemical properties of mushrooms can be enhanced
with moderate energy consumption. In this study, to determine
this effect, the ambient pressure was reduced in different
periods and this process was carried out at a temperature
higher than the atmospheric drying temperature to accelerate
the drying rate of mushroom slices. This process was conducted
in a short time due to the heat sensitivity of the mushroom. The
high temperature-vacuum application was investigated in
terms of drying characteristics and physicochemical properties
of the mushroom.

2 Materials and methods
2.1 Material

Mushroom (Agaricus bisporus) was supplied from local
markets. Mushroom caps with 19.9+0.8 mm height and
38.3+2.0 mm width were used. Mushroom samples were cut
into slices with a thickness of 5.0+0.5 mm after cleaning with a
brush for removing impurities. Mushroom slices weighing
20.0+0.5 g were placed on a wire. The initial moisture content
of mushroom slices was 92.2+1.2% (wet basis), which was
measured by oven drying method at 105 °C until constant
weight [14].

2.2 Drying experiments

Conventional drying: Mushroom slices were dried at
atmospheric pressure (Absolute pressure was 101.3 kPa) in a
fanned oven (Model MST-55, TEKLAB, Turkiye) at 50 + 5 °C. The
time in which the moisture content of mushroom slices was
reduced by less than 10% was determined as conventional
drying time [15].

High temperature-Vacuum treatment (HT-VT): The pressure
reduction was conducted at four different stages during
conventional drying. Vacuum treatments were applied at the
beginning (pre-treatment), at two different intermediate stages
(mid-treatments), and at the final stage (post-treatment) of

drying. HT-VT was conducted in a vacuum oven (Model OV-11,
Jeiotech, North Korea) coupled with a vacuum pump (Model
MVP6, Woosung Vacuum Pump, Korea) at -90 kPa vacuum
pressure (Pabs=Patm-Pvacuum, Pabs = 11.3%5 kPa). HT-VT was
applied in two stages high-temperature treatment at 75°C for
10 min atatmospheric pressure (Parm=103.5 kPa) subsequently
ambient pressure was reduced to -90 kPa and subsequently
vacuum chamber was set to atmospheric pressure again. This
process took 3.5 minutes in total. Vacuum pressure was set
at-90 kPa to create a tunneling effect in the mushroom [8].
Mid-treatment periods were conducted according to the
conventional drying curve, drying started to slow down at 70
min and a change in mushroom weights was observed that
gradually decreased after 110 minutes (Table 1).

2.3 Determination of drying characteristics

2.3.1 Temperature profiles

Measurement of temperature of mushroom slices was carried
out by thermocouples (36-gauge type-T thermocouples; Omega
Engineering, Inc, Stamford, CT, USA) placed inside of slices.
Time-temperature profiles during drying experiments were
obtained at 1 s time intervals with a temperature measuring
device (Model DT9805, Data Translation, Hungary).

2.3.2 Drying curves

Drying characteristics were determined by weighing
mushroom samples at 10 min. intervals. Weight loss (WL) and
moisture content (X) of mushroom samples were calculated by
Equations 1 and 2.

The moisture content of mushrooms at any time was calculated
according to Eq. 1.
W —Lg

X, =
t Ls

(1

Where X (g water/g dry matter), moisture content at different
time intervals; W(g), wet solid mass of mushroom; Lg (g dry
matter/g mushroom), dry matter content of mushroom. The
drying rate of mushrooms was calculated by Eq 2., and free
moisture content was calculated by Eq. 3.

Xe — Xeeat
“that 2
it (2

X=X —X* 3)

Drying rate =

Where X, free moisture content (g water/g dry matter) and X*,
final moisture content (g water/g dry matter).

2.4 Evaluation of dried mushroom samples

2.4.1 SEM analysis

The surface of dried mushroom slices was coated with Au/Pd
after an adhesive application and images
(5000x magnifications) were taken by scanning electron
microscope (LEO, Model 440 VP Zeiss, Cambridge, England).
This analysis was carried out in duplicate.

2.4.2 XRD analysis

Ground dried mushroom slices were compressed into the
sample container and measurements were carried out using an
X-ray diffraction device (Bruker AXS, Model D8 Advance, USA).
XRD patterns were obtained between 10° and 40° diffraction
angle (20) with 4°/min. scanning speed at room temperature.
This analysis was carried out in duplicate.
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2.4.3 Rehydration capacity

The rehydration capacity of dried mushroom slices was
measured by immersing those samples in distilled water at
room temperature. The ratio of mushroom slices in distilled
water was 1:100 (w/w). Rehydrated samples were measured
by taking out every 5 min during the first hour and then every
15 min. until a constant weight was obtained. Rehydrated
samples were drained on a tissue for 1 min. The rehydration
ratio was calculated according to Eq. 4.
. . m; — 1my
Rehydration ratio = ———— 4)

m;
Where my, mass of rehydrated mushroom slices; m; initial mass
of dried mushroom slices. Analyzes were conducted duplicate
with 2 repeats.

2.4.4 Water activity measurement

Dried mushroom slices were ground and water activity
measurement was carried out by a water activity meter
(AquaLab4, Meter, USA) at 25 °C. Triplicate analyzes were
conducted.

2.4.5 Texture

Texture parameters were obtained using Texture Analyzer
(TA-XT24i, Stable Micro Systems Ltd., Surrey, UK, 30 N load cell)
with a cylindrical probe (P/36R). Pre-test speed, test speed, and
post-test speed were 5 mm/s, 0.5 mm/s, and 10 mm/s,
respectively and the compression ratio was 50%. Force-time
curve was obtained and the highest peak value in this curve was
identified as the hardness value of mushroom slices [16]. Eight
different control and HT-V treated mushroom slices were
analyzed for texture analysis.

2.4.6 Color

The colorimeter (Konica Minolta, Model CR400, Japan) was
used to measure the color parameters of mushroom slices. The
color parameters (L, a’, b*) were measured on five different
points of mushroomsslices. L, a*, and b*values indicate lightness
(from 0 to 100), redness (from -120 to 120), and yellowness
(from -120 to 120). Total color difference (AE) was calculated
to analyze how much the color of mushroom slices differed
from fresh mushroom slices using Eq. 5.

AE = \/(Lg — L2 + (aj — a*)? + (by — b*)? (5)

Where L% a* b* values are the mean of five color parameters of
control and HT-V treated mushroom slices. Ly, ag, by values
were the mean color parameters of fresh mushrooms
(L;:88.48, aj:1.71, by : 11.27).

2.4.7 Total phenolic content

Extract preparation with dried mushroom slices was carried
out using methanol with the ratio of 1:50 (w/v, g mushroom
slices: mL methanol). The cold maceration method was
performed by stirrer at 200 rpm for 24h at room temperature.
Subsequently, samples were filtered and the solvent was
evaporated at 55 °C. Methanol was added to extract and filtered
through a syringe filter (45 um) to analyze total phenolic
content and antioxidant analyzes.

Determination of total phenolic content was carried out using
the Folin-Ciocalteu reagent. The mushroom extract was mixed
with 150 pL Folin-Ciocalteu reagent and diluted with 2450 pL

of distilled water and 300 pL of 20% sodium carbonate was
added. TPC was measured at 725 nm using a
spectrophotometer. Gallic acid was used (20-250 ppm) as a
standard and the result was determined as mg gallic acid
equivalent/g dried sample [17].

2.4.8 Antioxidant capacity

The antioxidant activity of dried mushroom slices was
conducted by DPPH radical scavenging method. 150 pL of dried
mushroom slices extract was added to 2850 uL of DPPH in
methanol solution. The mixture was stood for 1 h in dark at
room temperature. Antioxidant activity was measured at
515 nm using a spectrophotometer and calculated using Eq. 6.

AbSb - AbSdm

Inhibition (%) = ( Abs
b

) x 100 (6)
Where Absy, was the absorbance of blank at 515 nm and Absg,
was the absorbance of dried mushroom slices at 515 nm [17].

2.5 Statistical analysis

Statistical comparison of rehydration ratio, hardness, color
parameters, total phenolic compound, and antioxidant activity
of dried mushroom slices was conducted by Fisher Pairwise
Comparisons-Fisher least significant difference method
(95% confidence, p=0.05) using Minitab®17.

3 Results & Discussion

3.1 Drying experiments

The conventional drying duration was determined as 210 min
and the total atmospheric drying durations at 50 °C were
180 min for MID70, MID110, POST, and 170 min for PRE as
shown in Table 1. Temperature profiles during drying
experiments are shown in Figure 1(a).

A sudden temperature increase was observed during HT-VT
periods. Increase in mushroom temperature during high
temperature application was in order PRE (48.42 °C) < MID70
(56.90 °C) = POST (56.20 °C) < MID110 (64.75 °C). The initial
temperature of mushroom slices before HT-VT might be an
important factor due to the decrease in the specific heat of
water by increasing inner temperature. A less temperature
increase was observed for PRE than for MID70 and MID110.
The lowest moisture content during POST treatment may have
reduced convection and enhanced conduction which is a slower
heat transfer mechanism than convection. During drying, the
mean temperature of mushroom slices was similar among
Control and HT-VT samples (Table 1). The vacuum application
after high-temperature treatment led to a decrease in
temperature until ambient pressure reached 11.3 kPa (vacuum
pressure was -90 kPa) and after that increased by reaching
atmospheric pressure. After heat treatment at atmospheric
pressure, vacuum treatment caused to decrease in temperature
in order of PRE (20.67 °C) < POST (25.55 °C) < MID70 (29.02
°C) <MID110 (36.74 °C) and increased during come up to
atmospheric pressure in order of PRE (35.79 °C) <POST (50.49
°C) <MID70 (54.82 °C) <MID110 (68.99 °C). At the beginning of
the pressure reduction period in the vacuum oven, the
mushroom temperature was higher which led to a sudden
temperature decrease due to intense water evaporation and
evaporative cooling. After the vacuum stage was completed
boiling point of water increased and thermal energy was
transferred to the product which resulted in a temperature
increase in mushroom slices [18].
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The drying curves of mushroom slices are presented in
Figures 1(b) and (c). The drying rate versus moisture content is
depicted in Figure 1(c). PRE samples had a higher drying rate
compared to other samples. HT-VT led to increase in the drying
rates of MID70 and MID110 and decrease for POST. Having
crust and less water inside the material may have led to a
decrease in the drying rate of POST. Thermal diffusion (free
moisture evaporation due to temperature gradient) and liquid
diffusion (water diffusion due to moisture content differences,
capillary action) are dominant diffusion mechanisms during
drying. The dominant diffusion mechanism is related to the
moisture content of the material and affects drying rates [19].
According to this, different diffusion mechanisms were

dominant according to moisture content during HT-VT. That
was thermal diffusion and liquid diffusion during PRE and POST
treatments, respectively. Both two mechanisms exist during
HT-VT of MID70 and MID110, and more thermal diffusion may
have been presentin MID70 than liquid diffusion and vice versa
for MID110 due to moisture content. Thermal diffusion
enhanced during HT-VT of PRE, MID70, and MID110 caused
accelerated drying rates. A change in mushroom temperature
due to more thermal energy transfer during HT-VT may have
promoted drying rates of MID70 and MID110. And more free
moisture content may have accelerated the drying rate of pre-
treated mushroom slices. During post-treatment, the limited
moisture content may have led to a decrease in the drying rate.

Table 1. Drying conditions.

Control PRE MID70 MID110 POST
Drying definition 50°C HT-VT + 50 °C 50 °C+HT-VT+ 50 °C 50 °C+HT-VT+50 °C 50°C+HT-VT
Before drying at Drying started at 50 °C Drying started at 50 °C Drying started at 50 °C
o . . and HT-VT was
HT-VT period ) 50°Cin and HT-V was applied and HT-V was applied applied after 180 min
atmospheric after 70 min. and after 110 min. and and drvine was ’
pressure. continued at 50 °C. continued at 50 °C. ying
completed.
Total Drying time 210 min. 183.5 min. 193.5 min. 193.5 min. 193.5 min.
Mean temperature ) 76,6 11 o 41.2043.63 °C 40.86+8.10 °C 42.46%8.55 °C 39.51£5.66 °C
during drying
80
a
70 Mid110
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60
& 50
2
=
‘é 40
0
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2
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0
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g X (g water/g dry matter)

Figure 1. Temperature profiles. (a): and drying curves. (b)-(c): During drying experiments.
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3.2 Characterization of dried mushroom slices

3.2.1 Microstructure of mushroom slices

SEM images of mushroom slices are shown in Figure 2. The
intercellular spaces of Control and PRE were larger than
MID70, MID110, and POST. High temperature and pressure
change at the beginning of the drying process was considered
to damage the cell wall and decrease cell wall strength as seen
in PRE. HT-VT at lower moisture content may have led to a
decrease in intercellular spaces of MID70, MID110, and POST.
The POST differentiated from the Control by shrunk of tissue
cells and junctions between cells.

XRD spectrums of dried mushroom slices were shown in
Figure 3. XRD spectrums of MID110 and POST were
comparable with Control while some differences were
observed for PRE and MID70. Mannitol and galactose are the
main crystalline structures of mushrooms [20]. Mannitol is
responsible for the firmness and volume of mushrooms due to
its osmotic function. Food processes such as drying, freezing,
and boiling affect the mannitol content of mushrooms [21]. As
stated in Popescu et al. [20], peaks at around 10°, 20°, and 45°
related to the mannitol content of mushrooms. Peak heights of
10°, 22°, and 36° reduced for HT-VT mushroom slices, and the
lowest peak height was observed for PRE. One of the peaks of
two-headed peaks at 25° and 45° disappeared for Pre and
Mid70-HT-VT mushroom slices. PRE had the most affected
pattern and this was compatible with the SEM image of Pre
samples. The thinner connections between tissue cells of PRE
(white arrows in Figure 2) than the other mushroom slices
may have been linked to osmotic pressure loss due to mannitol
content. HT-VT caused more cell wall damage compared to
completely hot air drying at 50°C. The higher moisture content
of mushroom slices of PRE, MID70 than Control, MID110, and
POST during HT-V treatments may have caused more
disruption of tissue cells. Protein denaturation leads to affect
the rehydration capacity of protein-rich foods and the change
in the protein structure harms cell wall strength. Protein
denaturation occurs between 49.8 °C and 76.1 °C [22]. In our
study, the hot air drying temperature was 50 °C and the
temperature reached upper than this value during high-

temperature treatment. The temperature of mushroom slices
reached to maximumx48 °C during high-temperature
treatment of PRE Figure 1(a), but more cell damage occurred
in this sample. This can be interpreted as vacuum treatment
leading to more cell damage than temperature. MID70 and
MID110 had a higher temperature than 49.8 °C, high-
temperature treatment at lower moisture content may not
have allowed for structural change of cells due to cell wall
stabilization.

3.2.2 Rehydration ratio

The water absorption ability of dried samples depends on
rehydration capability and relates to the pore size of dried
samples [23]. Rehydration ratio values of Control and HT-VT
mushroom slices are shown in Table 2. Control had the highest
rehydration ratio and MID70, MID110, and POST had
statistically similar rehydration ratios (p>0.05). A statistically
significant rehydration ratio was observed between PRE,
which had the lowest rehydration value, and Control, MID70,
and POST (p<0.05). In contrast to Xu et al. [16], who
demonstrated high temperature pre-drying improved the
rehydration ratio of air-dried shiitake mushroom, in our study
PRE had the lowest rehydration rate due to vacuum
application after high-temperature application.

Rehydration ratio changes over time of Control and HT-VT
samples are shown in Figure 4. The rehydration curves
demonstrated that the high water absorption rate at the initial
stage declined with time. Trends of rehydration curves were
similar with Giri and Prasad [5]. At the beginning of
rehydration, rapid water absorption occurs through
capillaries and cavities near the surface; and then intercellular
pores and free capillaries absorb water slowly in the final stage
[24]. Although the final rehydration values of Control and
MID70, MID110, and POST were statistically similar,
rehydration ratio changes with time were different. Change in
rehydration value of Control and POST overlapped after
40 min immersion in water. At the beginning of immersion, the
POST samples absorbed the water more slowly than the
control.

y

Mid70

Figure 2. Images and SEM images (x5000 magnification) of mushroom slices (dashed line-white arrow: intercellular spaces, white
arrow: link between tissue cells).
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Figure 4. Rehydration ratio of dried mushroom samples.

This can be attributed to the shrunken structure of the surface
of POST as seen in the SEM image (Figure 2) which made
difficult the water absorption in the initial stage. The lowest
rehydration ratio of PRE might be linked non-porous structure
of the crust and the damage to the intercellular and capillary
structure which caused to loss of water holding ability. Control
and PRE had different rehydration ratio curves, although both

had larger pore sizes compared to other mushroom slices, the
turgor pressure loss and loss of cell integrity of those samples
(as stated in SEM image in Figure 2 and XRD spectrum in
Figure 3) due to exposing the higher temperature. Hence, the
sudden change in mushroom temperature at the beginning of
the drying process of PRE may not have allowed immersion of
water as Control.
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The beginning of rehydration of MID70 was similar to Control
and differentiated and slowed down in the final stage. MID110
hydrated slower and the rehydration ratio was lower than
Control. This might be interpreted as the internal structure of
MID70 being more compact while the surface structure of
MID70 is similar to the Control; MID110 was completely
differentiated from Control.

3.2.3 Texture and color

The hardness of Control and HT-VT mushroom slices are
depicted in Table 2. Statistically similar water activity values
were obtained for all mushroom slices (p>0.05). The hardness
of MID70 was the highest and that of PRE was the lowest. The
differences in the hardness of mushroom slices were
statistically different for MID70 compared to the control and
other samples (p<0.05). Textural alteration forms by structural
changes in the cell wall component of mushrooms. The lowest
hardness of PRE may have been related to a decrease in turgor
pressure and osmotic binding ability of cell walls due to the
decomposition of fibrous material of tissue cells as stated in Qiu
et al. [25]. The cell wall stabilization and hardening may have
occurred due to HT-V application in the later stages of drying,
causing to have the harder texture of Control, MID70, MID110,
and POST.

The color parameters are depicted in Table 2 and the images of
mushroom slices are shown in Figure 2. L*and a* values of PRE
differed from the other HT-VT samples significantly (p<0.05)
and the mean of L* values was lower and that of a* values was
higher. Differences between b” values of mushroom slices were
statistically insignificant (p>0.05). The total color difference of
Control was the lowest and statistically similar with MID110
and POST (p>0.05) and the highest AE was obtained PRE
(p<0.5). The lighter color of control was possibly due to
application of lower temperature during whole process as
discussed in Siti-Nuramira et al. (26) for lighter color of air-
cabinet dried mushroom. The higher the moisture content
during the period of high-temperature application, the greater
the darkening occurred in order of Pre>Mid70>Mid110>Post.
In the images of mushroom slices, PRE and MID70 were darker
than the others (Figure 2) and this is compatible with color
parameter results. The free moisture content is directly related
to the water activity and it is responsible for quality changes
such as enzymatic, non-enzymatic activities, oxidation, and also
microbial growth [27]. L* values were related to enzymatic
browning in general [28]. The more total color change and the
higher L* value of PRE may have been linked to more enzymatic
browning reactions due to high moisture content during HT-VT.
Non-enzymatic browning occurs at the later stages of drying
and is slower than enzymatic browning [16]. That may have

been the reason of the lighter color of mid and post-treated
samples than pre-treated ones.

3.2.4 Total phenolic content and antioxidant activity

Total phenolic content (TPC) and antioxidant activity (AA) of
mushroom slices are shown in Table 2. Mushrooms have
secondary metabolites which are important for the human diet
and phenolic compounds are one of the secondary metabolites
and have antioxidant activity [1]. Control samples had the
highest total phenolic content and antioxidant activity among
all dried mushroom slices. Mirzaei-Baktash et al. [29] reported
that hot air dried untreated mushroom samples had the highest
TPC and AA values compared to pulsed electric field and
ultrasound pre-treated counterparts. POST had the highest TPC
and AA values among HT-V treated samples. The TPC of that
was statistically comparable (p>0.05), while the antioxidant
activity value of that was statistically different from Control
(p<0.05). Pre HT-V treatment caused a decrease in TPC and AA,
and those were statistically different from the other mushroom
slices (p<0.05). The degradative enzymes such as polyphenol
oxidase have the ability of phenolic compound degradation
[28]. HT-V was practiced at high water activity content of
mushroom slices during Pre HT-V treatment; this may have
caused more activation of this enzyme and led to the lowest TPC
due to the degradation of more phenolic compounds. Enzymes
inactivated during HT-V application in the later stages of the
drying process caused them to retain more phenolic
compounds. Completion of enzyme inactivation may have led
to more TPC and more AA of Control and POST.

4 Conclusions

In this study, the effect of the high temperature and vacuum
application during the different periods of hot air drying was
investigated in terms of drying characteristics, and
physicochemical and microstructural properties of mushroom
slices. Using HT-VT at the beginning of the drying process (PRE)
led to enhance drying rates, but failed to obtain the desired final
product quality. In the later intermediate (MID110) and at the
final stages (POST), HT-VT had similar drying and
physicochemical characteristics compared to control. The more
enhancement of drying rate by HT-VT can be obtained after
MID110 with several stages. This study revealed that the drying
rate and physicochemical characteristics of mushrooms can be
enhanced by the application of high temperatures with vacuum
pulses in more than one period after the middle stages of
drying. This output will be helpful for the practical application
of pulsed vacuum drying to obtain better quality products with
this process. In further studies, the optimization study will be
conducted to understand the effect of different temperature
degrees during atmospheric and vacuum pressure stages.

Table 2. The water activity, hardness, rehydration ratio, color parameters, TPC, and AA of dried mushroom slices ( Same letters in
horizontal lines of each measured parameter are statistically insignificant (p>0.05)).

Control PRE MID70 MID110 POST
Water activity 0.359+0.0252 0.335+0.0642 0.330+0.0472  0.373+0.0052 0.315+0.0312
Hardness (g) 1129.0£518.02  463.6%x235.4>  1408.0+525.02  972.0+408.02 1040.0+538.02
Rehydration Ratio 3.424+0.3432 2.848+0.196 3.25440.287¢  3.132+0.2032> 3.396+0.0702
L 65.80+4.252 48.63+6.06° 58.83+3.292 60.33+2.622 63.71+£6.072
a 2.42+0.912 5.20£0.28b 3.96+0.48¢ 3.68+0.36¢ 3.42+0.55¢
b* 14.99+1.092 16.07+£3.512 17.44+1.192 16.11+1.412 16.33£1.002
AE 23.05+4.062 40.47+5.39> 30.40£3.09¢ 28.67+2.42% 25.41£5.75%
TPC (mg gallicacid/ g dried mushroom) 7.74+0.142 6.60+0.11b 6.88+0.16¢ 7.30+0.134 7.57+0.102
AA (% inhibition) 53.74+2.222 40.94+1.92b 45.78+1.09¢ 45.09+1.85¢ 49.30+2.03¢
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