
Abstract
An infrared-assisted heat pump drying (IR-HPD) was

designed and used for drying of mushroom slices at three different
infrared (IR) powers (50, 100, and 150 W) and a fixed drying tem-
perature of 40°C and air velocity of 1 m/s. The changes in total
phenolic content (TPC), total antioxidant capacity (TAC) and indi-
vidual phenolic contents bioaccessibility, drying characteristics,
and colour values of mushroom slices were investigated. IR-HPD
provided 13.11 to 30.77% higher energy savings than HPD and
reduced drying time between 9.48 and 26.72%. Page, Modified
Page models were considered the best for predicting the thin layer
drying behaviour of mushroom slices. The effective moisture dif-
fusivity (Deff) value increased with IR power and ranged between
6.491x10-10 and 9.023x10-10 m2s-1. The contents of TPC, TAC,
and individual phenolics in mushroom slices were significantly
reduced (p<0.05) after drying. In vitro the bioaccessibility of phe-

nolic compounds and TAC generally decreased, whereas TPC
bioaccessibility was increased. Colour values were decreased
except for a* value that increased after drying. Thermal imaging
results showed that IR lamps increase the temperature of the prod-
ucts in the middle close to the lamp by approximately 1.5°C. In
addition, thermal imaging gave a better understanding and visu-
alised the effect of different power IR lamps on the temperature
distribution of the products according to their distance from the
lamp. As a result, drying mushrooms with a hybrid drying system
combined with IR and heat pump dryer provided higher energy
savings than HPD, reduced drying time, and maintained the phys-
ical and nutritional characteristics of mushrooms. Overall, the use
of IR-HPD is an alternative tool that allows us to obtain high-qual-
ity dried mushrooms with good nutritional attributes and a high
amount of bioaccessible polyphenols.

Introduction 
Cultivated mushroom (Agaricus bisporus) is accepted as a

high protein, low-calorie food with meditative features. It contains
a variety of minerals (K, P, Mg, Ca, Cu, Fe, and Zn), vitamins
(vitamin C, B2, B3, B12, folate, and D), and dietary fibre (chitin, β-
D-glucans, and mannans) and also rich in polyphenols, flavonoids
and carotenoids, having an antioxidant activity (Jaworska et al.,
2015). Due to their exceptional qualities as antioxidants, anti-
inflammatory, or antitumor agents, phenolics, one of the bioactive
components found in mushrooms, have gained popularity
(Palacios et al., 2011; Taskin et al., 2021). Numerous studies have
been conducted on the antioxidant activity, total and individual
phenolics of several edible mushrooms in Turkey and other states
in the world (Barros et al., 2009; Gursoy et al., 2009; Nowacka et
al., 2015; Taskin et al. 2021). The phenolic profile of Agaricus
bisporus revealed only phenolic acids, among which gallic, caffe-
ic, p-hydroxybenzoic, p-coumaric, chlorogenic, trans-cinnamic,
protocatechuic and ferulic (Gasecka et al., 2018a, 2018b).

Mushrooms are very perishable due to their high water activ-
ity, respiration rate, and enzymatic activity, and the shelf life of
fresh mushrooms is only about one day in environmental condi-
tions (Mirzaei-Baktash et al., 2022). For this reason, mushrooms
are traded primarily in processed form in the global market, and
dried mushrooms are valuable ingredients in sauces and instant
soups as a natural flavouring for culinary purposes. 

Several drying methods for mushrooms are reported, includ-
ing sun drying, vacuum drying (Gopirajah et al., 2018), freeze-
drying (Piskov et al., 2020), conventional hot air drying
(Ghanbarian et al., 2016), microwave drying (Lombrana et al.,
2010), vacuum and freeze-drying (Ucar & Karadag, 2019), heat
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pump drying (Peter et al., 2021; Zhang et al., 2022), infrared (IR)
drying (Doymaz, 2014) and novel solutions: e.g., solar assisted
heat pump dryer (Sevik et al., 2013; Xu et al., 2021) and pulsed
electric field together with ultrasound (Li et al., 2021). Preferring
the convenient drying method can be the key to a successful oper-
ation since mushrooms are very sensitive to temperature
(Ghanbarian et al., 2016). There are also some limitations to the
abovementioned drying methods. For example, sun-drying is
unhygienic; vacuum drying is time-consuming due to its low dif-
fusion coefficient; microwave drying causes the burning of mush-
rooms besides limiting temperature control; and freeze-drying is
very high priced (Gopirajah et al., 2018). Moreover, according to
literature findings, drying methods affect the bioactive components
of fruits and vegetables.

Maximising energy savings, efficiency and improving product
quality are key points of drying. Heat pump drying (HPD)
improves product quality and produces a range of precise condi-
tions. HPD is an eco-friendly technology because it has a closed-
controlled system with higher energy efficiency when compared to
conventional dryers (Deng et al., 2014). Moreover, IR drying is
quite suitable, especially for thin product slices depending on its
uniform heat distribution, fast drying rate without the risk of burn-
ing the material, minimising losses, and simplicity of the equip-
ment (Doymaz, 2014). The structural quality and biological func-
tion of the material is improved, and operation costs are decreased.
A hybrid drying combining IR and HPD has been utilised as an
effective and fast drying method compared to HPD alone. In addi-
tion, combining IR with other drying methods preserves the quality
of foods, providing uniform heating and better control over tem-
perature (Delfiya et al., 2022). In the literature, IR drying and its
combination with other technologies such as hot air, vacuum and
heat pump were used for drying pears, carrots, and strawberries
(Adak et al., 2017; Doymaz, 2023, Geng et al., 2022; Topuz et al.,
2022). In this study, the infrared-assisted heat pump drying (IR-
HPD) system was first used for mushroom drying.

In engineering, thermal imaging is one of the most frequently
used tools to determine temperature distribution. Besides, thermal
imaging is an effective method for examining the temperature dis-
tribution of products in a non-contact and non-destructive manner
(Ali et al., 2020). In light of the literature, thermal imaging can be
used for temperature verification and showing the temperature dis-
tribution in the products during the drying process. IR thermal
imaging cameras were used to clearly show the temperature distri-
bution as Cao et al. (2017) and Liu et al. (2016) evaluated the
change in temperature during the microwave drying process.
However, until now, no study has been carried out in which food is
dried by placing the thermal camera in an IR-HPD. Therefore, in
this study, the temperature distribution of the mushroom samples
during the drying process was investigated for the first time with
thermal imaging. In addition, as far as is known, no study has been
found in which the phenolic profile of dried mushrooms has been
revealed. Thus, the other originality of this work comes from the
quantification of phenolics of IR-HP dried mushrooms using
Liquid chromatography tandem-mass spectrometry (LC-MS/MS)
method. Moreover, this study attempts to evaluate drying kinetics
and several quality attributes (colour, thermal imaging, bioaccessi-
bility of total and individual phenolics and antioxidant capacity) of
mushroom slices dried by IR-HPD. The design engineers, veg-
etable suppliers, and nutritionists will also profit from this exten-
sive research.

Materials and Methods

Materials
Fresh mushrooms (Agaricus bisporus) were purchased from a

local market in Yalova, Turkey. Mushrooms were washed with tap
water, wiped and sliced (6 mm thick) using a steel cutter, and
immediately dried. The initial moisture content of the mushrooms
was measured as 7.459±0.01 g water/g dry weight (dw) using an
oven (Shimadzu-MOC63u) at 105±3°C.

Hybrid drying system procedure
IR-HPD (Figure 1), designed at Yalova University, Turkey,

was used for hybrid drying. The HPD system is a closed-loop con-
duit system without outside air intake during drying. The system
consists of two parts: the refrigerant and drying air cycles. In the
refrigerant process, the system consists of four main elements. (1-
2) The compressor where the compression work is carried out and
the gas pressure and temperature are increased, (2-3) the condenser
where the gas pressure is held constant, and the temperature is
reduced, (3-4) the capillary tube where the gas pressure is reduced,
and finally (4-1) evaporator (between 1 and 5°C) where the liquid
refrigerant boils with reduced pressure. The thermostat controls the
drying temperature in the system. When the thermostat reaches the
desired drying temperature, it allows gas to pass through the exter-
nal condenser (3’) with the help of solenoid valves. The gas flow
to the external condenser stops when the drying temperature falls
below the desired value. This process occurs automatically, and the
system operates in the differential range of 1°C. In the air side pro-
cess, there is a continuous air flow without an outside air inlet,
thanks to an axial fan. An internal condenser and evaporator are in
the air duct. At point (A), the air heated by the internal condenser
enters the drying cabinet leaving the drying cabinet at point (B)
with moisture from the product. After point (C) passes through the
evaporator inlet, it condenses at point (D) thanks to the evaporator
and leaves its moisture. The drying air cools as it passes through
the evaporator. It comes to the internal condenser (E) to increase
its temperature again. This process continues during drying.
Thanks to the data logger (j) seen in Figure 1 from the points spec-
ified in the air process, temperature and relative humidity (changed
during drying between 12% and 20%) are measured at one-minute
intervals. In the HPD system, only the heat of the gas in the con-
denser is used as the heat source. This causes the compressor to be
forced and consume more energy. For IR-HPD drying, an IR lamp
was placed in the drying cabinet of the system to assist the heat
source. The weight loss of the product was recorded at three-
minute intervals thanks to the load-cell (k). The energy consumed
by the whole system and the compressor during drying was mea-
sured and recorded via the energy meters placed on the system. 

Four different drying conditions were tested; i) HPD without
IR power (control); ii) HPD with IR power at 50 W; iii) HPD with
IR power at 100 W; iv) HPD with IR power at 150 W. HPD was
conducted under the temperature of 40°C and air velocity of 1 m/s.
Our previous research chose this air velocity as optimum value
(Tunckal et al., 2022). In all cases, 425±5 g fresh mushroom slices
were placed in the dryer as a single layer. All of the drying exper-
iments were performed three times down to a final moisture con-
tent of 0.135±0.01 g water/g dw (Ucar & Karadag, 2019).

Mathematical modelling of drying kinetics
Seven thin layer drying models used for describing IR-HPD

drying data of mushrooms were given as following equations
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(Coşkun et al., 2017):

Page MR = exp(-kt n)                                            (1)

Modified page MR= exp [(-kt) n]                          (2)

Logarithmic MR = a exp(-kt) + c                          (3)

Lewis MR = exp(-kt)                                             (4)

Henderson and Pabis MR = a exp(-kt)                  (5)

Two Term Exponential MR=a exp(-kt)+(1-a) exp(-kat)          (6)

Wang and Singh MR=1+at+bt2                             (7)

In the modelling, the following equation (8) was used to calculate
moisture ratio (MR) on a dry basis.

                                                                                              

                                                             

(8)

where M represents the moisture content at a specific time (g

water/g dw), Mi is the moisture content of the sample prior to dry-
ing (g water/g dw), and Me is the equilibrium moisture content (g
water/g dw). 

                                                                                               

                                             
(9)

In this formula, t is drying time (min), Mt is the moisture con-
tent at the time of t and Mt+dt is the moisture content at the time of
t+dt (g water/g dry base).

The greater the value of R2, the less the values of Chi-square
(χ2) and root mean square error (RMSE) indicate the better model
for mathematical approximation of drying curves. These values
were given in the following equation (10) and (11).

                         
(10)

                              
(11)

                             Article

Figure 1. Experimental set-up. a) compressor; b) internal condenser; c) external condenser; d) capillary tube; e) evaporator; f) solenoid
valve; g) thermostat; h) axial fan; i) speed switch; j) data logger; k) load-cell; l) drying cabined; m) check valve; n) anemometer; 
o) infrared lamp. Refrigerant side process: (1-2) compression work; (2-3) condensation work (heat removal); (3-4) pressure reduction; (4-
1) evaporation (heat extraction). Airside process: A) condenser outlet-drying cabinet inlet; B) drying cabinet outlet; C) evaporator inlet;
D) evaporator outlet; E) condenser inlet.
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In these equations, MRexp,i is the experimental moisture ratio of
the ith test and MRpre,i is the dimensionless moisture ratio of the ith
test. N represents observation numbers, and n is the number of
model constants.

Effective moisture diffusivity
Fick’s second law in diffusion with infinite slab geometry was

used to calculate the effective moisture diffusivity. According to
the assumptions in the drying process of mushroom slices with a
uniform initial moisture distribution throughout the mass of a sam-
ple, constant effective diffusivity coefficient, symmetric mass
transfer towards to the centre, negligible resistance to the mass
transfer at the surface, considering mass transfer only by diffusion
and negligible shrinkage during drying, the effective moisture dif-
fusion equation for infinite slab geometry is presented in the equa-
tion (12) (Crank, 1975):

             
(12)

where Deff, L and n are effective moisture diffusivity (m2/s), the
characteristic dimension of half thickness (m), respectively. The
equation is simplified to the straight-line equation as equation (13): 

                                                                                                

             
(13)

Analysis methods
Determination of total phenolic content and total antioxi-
dant capacity

Firstly, undigested parts of mushroom slices were extracted
using the method described by Kamiloglu and Capanoglu (2014).
Until analysis, extracts were stored at -20°C.

Total antioxidant capacity (TAC) and total phenolic content
(TPC) of mushroom samples were measured using an ultraviolet-
visible spectrophotometer (UV-1800, Shimadzu). The Folin-
Ciocalteu method described by Velioglu et al. (1998) was used for
determining the TPC of mushroom samples. The results were
expressed in terms of mg gallic acid equivalent (GAE)/100 g dw.
The TAC of samples was analysed using 2,2-Diphenyl-1-picrylhy-
drazyl (DPPH) and ferric reducing antioxidant power (FRAP)
methods according to Kumaran and Joel Karunakaran (2006) and
Benzie and Strain (1996), respectively. The TAC results were
expressed as μmol trolox equivalent (TE)/g dw (R2=0.9992).

Phenolic composition
LC-MS/MS analysis of individual phenolic compounds carried

out using Shimadzu LC-MS/MS 8060 system (Shimadzu
Corporation, Kyoto, Japan) equipped with C18 analytical column
(3 μm particle size, 200 Å pore size, 100 mm × 3 mm, High Purity
ES Silica Gel LC Column; GL Sciences, Tokyo, Japan).
Electrospray ionisation source was used for operating the MS/MS
system in negative and positive ion modes with multiple reaction
monitoring. LabSolution (Shimadzu Corporation, Kyoto, Japan)
software was used for data monitoring. 

Instrument settings were as follows: nebulising gas (N2) flow
3.0 L/min, drying gas (N2) flow 10.0 L/min, interface voltage 4.0
kV, desolvation line temperature 250°C, interface temperature

300°C, heat block temperature 400°C. The LC-MS/MS method
was carried out by modifying the study of (Vu et al., 2018). The
run time for each injection (10 μL) was 15 min, and the column
oven temperature was 40°C. The elution gradient (Table 1) was
created from mobile phase A (MQ water with 0.1% formic acid)
and mobile phase B (acetonitrile with 0.1% formic acid) within 
0.4 mL/min total flow. 

In vitro gastrointestinal digestion
In vitro, gastrointestinal digestion of the mushroom samples

was prepared using the method of (Minekus et al., 2014), with
some modifications. Gastric and intestinal digestions of samples
were simulated. Simulated gastric fluid, porcine pepsin solution
(25.000 U/mL, Sigma-Aldrich P6887; USA), and calcium chloride
were mixed during the gastric phase. The pH of this solution was
then adjusted to 3 by using hydrochloric acid. After, the mixture
was incubated at 37°C for 2 hours in a shaking water bath
(Memmert SV 1422, Memmert GmbH & Co., Germany). 4 mL
aliquots were obtained for each test tube. The residue of the gastric
phase was mixed with the simulated intestinal fluid, pancreatin
solution (800 U/mL, Sigma Aldrich P3292) and bile solution (160
mM). The pH was adjusted to 7.0 with sodium hydroxide. In a
shaking water bath, the intestinal phase was incubated at 37°C for
2 hours. Finally, the mixture was centrifuged at 3500 rpm for 10
min, filtered, and the supernatant was obtained. Until analysed, the
simulations after gastric digested phases and after intestinal digest-
ed phases were kept at -20°C.

Colour analysis
Colour parameters of mushroom slices were evaluated using a

CR-5 Konica Minolta Chroma Meter (Osaka, Japan). This analysis
was performed in triplicate, and L*, a*, b*, C*, and h° values were
determined. Colour values were expressed as L* (lightness/dark-
ness), a* (greenness/redness) and b* (blueness/yellowness). In
addition, C* and h° (hue angle) symbolise colour intensity and an
angle between 0° and 360°, respectively. ΔE*ab indicates the total
colour change after drying, which was determined using the fol-
lowing equation:

                                                                                                

             
(14)

where, L0*, a0*  and b0*, and  are the colour values of fresh mush-
room slices.

Infrared lamps and thermal imaging
In this study, IR lamps with different powers (50, 100, 150 W)

were placed in the middle of the ceiling of the cabinet. The effects
of IR lamps on the temperature distribution of the cabinet and
products were evaluated by thermal imaging processes. Fluke Ti9
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Table 1. Elution gradient conditions. 

Line A, %                  Line B, %                          Time (min)

80-80                                     20-20                                      0.00-0.50
80-50                                     20-50                                      0.50-7.00
50-5                                       50-95                                     7.00-12.00
5-80                                       95-20                                    12.00-12.10
80-80                                     20-20                                    10.00-15.00
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thermal camera was used for this process. The images of the cabi-
net and the trays containing the products were taken from 1 m and
0.5 m distances, respectively.

Statistical analysis
Statistical analysis was performed using the IBM SPSS

Statistics 23 software (IBM SPSS, USA). The analysis of variance
(ANOVA) and Duncan’s multiple range test were conducted to
determine significant differences between means at the 5% signif-
icance level. Each measurement was conducted in triplicate, and
the results were expressed as mean ± standard deviation.

Results and Discussion

Drying kinetics of mushroom slices
The drying time versus moisture content of dried mushroom

slices is given in Figure 2. Mushroom slices with an initial mois-
ture content of 7.459±0.01 g water/ g dw were dried by IR-HPD at
40°C with 50, 100, and 150 W IR powers until their final moisture
was 0.135±0.01 g water/ g dw. The drying times for the control
sample and the different IR power (50 W, 100 W and 150 W)
applied samples were found to be 348, 315, 288, and 255 min.,
respectively. It was seen that the drying time was the longest in the
control sample without IR. Applying IR shortened the drying time
between 33 and 93 min, resulting in time saving between 9.48 and
26.72%. The results showed that drying took shorter as IR power
increased. In the study of (Khampakool et al., 2019), the drying
time of IR-assisted freeze-dried banana snacks was 70% less when
compared to freeze-drying. Another study showed that the IR-
assisted hot air drying method accelerated the drying time by 23%
compared to hot air drying (Abbaspour-Gilandeh et al., 2020).
Moreover, when comparing water blanched – hot air-dried carrot
slices, the reduction of drying time was 45% in IR-blanched and
IR-assisted hot air-dried samples (Vishwanathan et al., 2013). The
reduced drying time in the combined mode of IR with other drying
methods might be caused by the fact that the synergistic effect
heats the foods quicker because of high heat and mass transfer
rates (Delfiya et al., 2022). IR-HPD not only shortened the drying
time but also gave advantageous results regarding total energy con-
sumption. The total energy consumption of the system for the con-
trol sample and the samples dried in IR-HPD (50 W, 100 W, and
150 W) was found to be 3.897, 3.386, 3.076, and 2.698 kWh,
respectively. Using IR for assisting HPD provided 13.11 to 30.77%
less energy consumption than the control sample. The results indi-
cated that total energy consumption decreased by increasing IR
power as an assisting heat source. The same trend was obtained
using IR as assisted convective hot air drying, vacuum drying,
innovative interval IR airflow drying, freeze-drying, and HPD.

The variations in the drying rate against the moisture content
of dried mushroom slices are shown in Figure 3. The highest dry-
ing rate was obtained at 150 W, followed by 100 W, 50 W, and the
control sample without IR. Applying IR for HPD increased the
drying rate between 9.94 and 59.94%. The increment in drying rate
by increasing IR power was observed since more energy applica-
tion resulted in rapid heating of the material and faster water
removal (Delfiya et al., 2022). A similar increase in drying rate
with an increase in IR power was reported for longan fruit, jujube,
sour cherry, potato, apricot pomace, corn, and grated carrot.

The drying rate was higher at the beginning of drying when the
moisture content was the highest, maybe because the free moisture

near the surface of the mushroom slices was removed early in the
process and then reduced with reducing moisture content.
Although all drying conditions generally occurred in the falling
rate period, accelerated drying rates were sometimes observed due
to internal heat generation. Moreover, it can be seen in Figure 3
that there was not a constant rate period due to the thin layers of
the mushroom slice that did not ensure a constant supply of water
during dehydration. Other studies such as Sadeghi et al. (2020)
reported the falling rate period without constant rate during drying.

Modelling of drying data
When mathematical models are used to describe the drying

characteristics of foods, it is easy to monitor process management
and instrument functioning (Sufer & Palazoglu, 2019). After deter-
mining the MR of the drying treatments and fitting the model with
the experimental data, R2, χ2, and RMSE were obtained for each
model (Table 2). R2 of all models for all drying treatments varied
in the range of 0.8825-0.9956, while their χ2 and RMSE ranged
from 0.000181 to 0.057493 and 0.001350 to 0.021977, respective-
ly. In all drying conditions, Page and Modified Page models had a
higher value of R2 but a lower value of RMSE and χ2 when com-
pared with other applied models. Therefore, Page, Modified Page
models were considered to be the best for predicting the thin layer
drying behaviour of mushroom slices. Similar findings were
reported by Khampakool et al. (2019) for IR-assisted freeze drying
of bananas and Kantrong et al. (2014) for microwave-vacuum
combined with IR drying of mushrooms.

                             Article

Figure 2. The drying time versus moisture content of mushroom
slices dried by infrared-assisted heat pump drying.

Figure 3. Drying rates of mushroom slices dried by infrared-
assisted heat pump drying.
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Effective moisture diffusivity (Deff)
Deff is a standard mass transfer parameter that considers

molecule, liquid, and vapour diffusion and other potential mass
transport mechanisms (Das et al., 2009). Deff values of mushroom
slices during HPD and IR-HPD were presented in Figure 4. Deff val-
ues were changed between 6.491´10-10 and 9.023´10-10 m2s-1, which
was in the range of mostly reported values for biological materials
(10-12 to 10-8 m2s-1). As the literature demonstrates, the drying tech-
nique and condition are just as important in controlling moisture
diffusion inside biological products as their inherent features (Geng
et al., 2022). In the IR-assisted samples, the Deff value increased up
to 39% compared to the control. The results indicated a direct rela-
tionship between Deff and the IR power (Figure 4). The increment
in IR power resulted in an increase in Deff since the faster rise in
food temperature increased the vapour pressure and caused rapid
moisture diffusion to the surface (Shi et al., 2008). This phe-
nomenon may be explained by the molecular vibration, rotation,
and electronic states of the atom increased by higher intensity that

                             Article

Table 2. Statistical results obtained from the modelling of mushroom slices. 

Models                                                                                                                       C                       50 W                    100 W                150 W

Page                                                   Model coefficient                n                                      1.0588                     1.0174                       1.0171                   1.0303
                                                                                                        k                                      0.0063                     0.0088                       0.0102                   0.0107
                                                          R2                                                                                  0.9926                     0.9934                       0.9956                   0.9948
                                                          RMSE                                                                         0.001705                 0.001537                   0.001350               0.001499
                                                          χ2                                                                                 0.000346                 0.000255                   0.000181               0.000198
Modified Page                                   Model coefficient                n                                      1.0588                     1.0174                       1.0171                   1.0303
                                                                                                        k                                      0.0083                     0.0096                       0.0110                    0.0122
                                                          R2                                                                                  0.9926                     0.9934                       0.9956                   0.9948
                                                          RMSE                                                                         0.001705                 0.001537                   0.001350               0.001499
                                                          χ2                                                                                 0.000346                 0.000255                   0.000181               0.000198
Logarithmic                                       Model coefficient                k                                      0.0121                     0.0130                       0.0146                   0.0168
                                                                                                        a                                       1.4608                     1.3660                       1.3378                   1.3789
                                                                                                        c                                       0.0181                     0.0181                       0.0179                   0.0169
                                                          R2                                                                                  0.8825                     0.9037                       0.9181                   0.9078
                                                          RMSE                                                                         0.011839                 0.010237                   0.009813               0.011522
                                                          χ2                                                                                 0.016832                 0.011432                   0.009639               0.011831
Lewis                                                 Model coefficient                k                                      0.0080                     0.0102                       0.0115                    0.0130
                                                          R2                                                                                  0.9500                     0.9617                       0.9738                   0.9673
                                                          RMSE                                                                         0.001618                 0.002767                   0.002233               0.002668
                                                          χ2                                                                                 0.000309                 0.000819                   0.000489               0.000619
Henderson and Pabis                        Model coefficient                k                                      0.0100                     0.0109                       0.0122                   0.0139
                                                                                                        a                                       1.2353                     1.1803                       1.1459                   1.1689
                                                          R2                                                                                  0.9605                     0.9684                       0.9782                   0.9729
                                                          RMSE                                                                         0.006200                 0.005259                   0.004471               0.005361
                                                          χ2                                                                                 0.004575                 0.002988                   0.001980               0.002530
Two term exponential                       Model coefficient                k                                      0.0064                     0.0071                       0.0080                   0.0090
                                                                                                        a                                       0.5526                     0.5414                       0.5340                   0.5389
                                                          R2                                                                                  0.9605                     0.9684                       0.9782                   0.9729
                                                          RMSE                                                                         0.014107                 0.016309                   0.017903               0.018331
                                                          χ2                                                                                 0.023689                 0.028738                   0.031744               0.029586
Wang and Singh                                Model coefficient                b                                     0.00001                   0.00002                     0.00002                 0.00003
                                                                                                        a                                      -0.0070                    -0.0083                      -0.0095                  -0.0104
                                                          R2                                                                                  0.9398                     0.9196                       0.9255                   0.9363
                                                          RMSE                                                                         0.021977                 0.010495                   0.014891               0.009238
                                                          χ2                                                                                 0.057493                 0.011901                   0.021963               0.007515
C, control sample dried at 40°C with HPD; 50 W, dried at 40°C with 50 W IR-HPD; 100 W, dried at 40°C with 100 W IR-HPD; 150 W, dried at 40°C with 150 W IR-HPD; RMSE, root mean
square error.
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Figure 4. Effect of heat pump drying and infrared-assisted heat
pump drying on Deff values of dried mushroom slices. C, control
sample dried at 40°C with heat pump drying; 50 W, dried at 40°C
with 50 W infrared-assisted heat pump drying; 100 W, dried at
40°C with 100 W infrared-assisted heat pump drying; 150 W, dried
at 40°C with 150 W infrared-assisted heat pump drying.
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causes enhanced temperature and vapour pressure of food materi-
als; thus, the moisture diffusion to the surface of the sample
increased (Delfiya et al., 2022). This explanation was compatible
with Das et al. (2009)’s study in which the drying properties of high
moisture paddy were investigated for five levels of radiation inten-
sity (1509, 2520, 3510, 4520, and 5514 W/m2) and four levels of
grain bed depths under various vibrating settings. Moreover, the
same trend in our study was observed by Doymaz (2023). He inves-
tigated different IR powers (50, 62, 74, and 88 W) on some quality
parameters of pear slices. In the literature, during IR and IR-assisted
drying of food materials, Deff values were changed between 10-11

and 10-7 m2s-1. Among these findings, the highest Deff value of
1.056×10-7 to 1.7989×10-7 was obtained by drying shrimp with
hybrid IR-hot air convection (Tirawanichakul et al., 2008).

An increase in Deff values with an increase in IR power has
been reported in drying kiwifruit, potato, sour cherry, pumpkin
slices, and button mushrooms.

Effect of hybrid drying on total phenolic content
and total antioxidant capacity values and their
bioaccessibility in mushroom slices

TPC values of undigested, in vitro simulated gastric digested,
and in vitro simulated intestinal digested mushroom samples were
shown in Table 3. TPC of undigested samples was determined
between 126.75 and 233.93 mg GAE/100 g. The highest TPC
value was found in fresh mushroom samples. Zeng et al. (2012)
investigated 5 different Australian edible mushrooms, and deter-
mined the TPC of mushrooms using the Folin-Ciocalteu method.
According to this research, the TPC of samples was measured
between 63.4 and 282.3 mg GAE/100 g DM. Results showed that
the TPC of different mushroom samples may change depending on
different geographical locations. In addition, harvest conditions
affect the characteristic composition of mushrooms. When all sam-
ples were compared in our study, fresh mushroom samples had the
highest phenolic content after in vitro intestinal digestion. When
the IR power increased from 50 W to 100 W, the TPC values of in

                             Article

Table 3. Total phenolic content of mushroom slices before and after in vitro simulated gastric and intestinal digestion.

Sample                                Undigested                               Simulated gastric digestion                     Simulated intestinal digestion
                                     (mg GAE/100 g dw)                              (mg GAE/100 g dw)                                  (mg GAE/100 g dw)

F                                                 233.93±2.48aC                                                  388.60±1.19bB                                                       666.79±3.07aA

C                                                180.76±8.77bB                                                 276.58±7.84cA                                                       285.06±1.28eA

50 W                                          183.43±8.58bB                                                  128.38±6.89eC                                                       410.91±1.09cA

100 W                                        165.16±9.04bC                                                  424.63±2.17aB                                                       567.82±2.05bA

150 W                                       126.75± 9.82cC                                                 245.76±8.77dB                                                       361.94±1.49dA

F, sample of fresh mushroom; C, control sample dried at 40°C with HPD; 50 W, dried at 40°C with 50 W IR-HPD; 100 W, dried at 40°C with 100 W IR-HPD; 150 W, dried at 40°C with 150
W IR-HPD; GAE, gallic acid equivalent.  a,bValues followed by different lower letters within the same column are significantly different (p<0.05); A,Bvalues followed by different capital
letters within the same row are significantly different (p<0.05).

Table 4. Total antioxidant capacity (2,2-Diphenyl-1-picrylhydrazyl) of mushroom slices before and in vitro simulated gastric and intestinal
digestion.

Sample                                  Undigested                              Simulated gastric digestion                     Simulated intestinal digestion
                                          (µmol TE/g dw)                                    (µmol TE/g dw)                                  digestion (µmol TE/g dw)

F                                                   46.18±1.19aA                                                  50.75±0.51bA                                                         35.83±3.20bA

C                                                   44.28±1.51aA                                                 34.22±1.29bAB                                                        26.72±1.63bB

50 W                                            49.12±1.65aA                                                  28.49±0.96bB                                                         43.45±1.59bA

100 W                                          39.44±1.05aB                                                  85.53±0.21aA                                                        68.64±1.30aAB

150 W                                          24.32±2.27bB                                                 37.07±0.60bAB                                                       41.52±1.10bA

F, sample of fresh mushroom; C, control sample dried at 40°C with HPD; 50 W, dried at 40°C with 50 W IR-HPD; 100 W, dried at 40°C with 100 W IR-HPD; 150 W, dried at 40°C with 150
W IR-HPD; TE, trolox equivalent. a,bValues followed by different lower letters within the same column are significantly different (p<0.05); A,Bvalues followed by different capital letters
within the same row are significantly different (p<0.05).

Table 5. Total antioxidant capacity (ferric reducing antioxidant power) of mushroom slices before and in vitro simulated gastric and intes-
tinal digestion.

Sample                                   Undigested                             Simulated gastric digestion                     Simulated intestinal digestion
                                           (µmol TE/g dw)                                   (µmol TE/g dw)                                  digestion (µmol TE/g dw)

F                                                    32.79±0.42aA                                                 25.52±2.81bB                                                         14.32±1.03dC

C                                                    32.55±1.75aA                                                 19.73±1.84cC                                                         28.54±2.31bB

50 W                                             29.57±2.84abA                                                18.09±1.72cC                                                         23.01±1.93cB

100 W                                           26.02±4.76bC                                                 44.38±2.08aA                                                         33.49±0.55aB

150 W                                           14.53±1.43cB                                                 16.74±1.16cA                                                         14.28±0.35dB

F, sample of fresh mushroom; C, control sample dried at 40°C with HPD; 50 W, dried at 40°C with 50 W IR-HPD; 100 W, dried at 40°C with 100 W IR-HPD; 150 W, dried at 40°C with 150
W IR-HPD; TE, trolox equivalent. a,bValues followed by different lower letters within the same column are significantly different (p<0.05); A,Bvalues followed by different capital letters
within the same row are significantly different (p<0.05).
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vitro simulated gastric and intestinal digested samples were
increased (Table 3). Kayacan et al. (2020) investigated the effect
of different drying methods on the biochemical properties of per-
simmons. They reported that the release of bounded phenolic com-
ponents by heat treatment during the drying procedure leads to
increasing bioaccessibility of TPC and TAC. This situation was
valid for undigested and digested samples except for the simulated
in vitro gastric digested sample that was dried by IR-HPD at 50 W
(Table 3). However, when mushroom slices dried at 150 W IR-
HPD, the TPC of all samples decreased. The drying process at
more severe conditions may lead to an increase in phenolic com-
pound degradation. Since polyphenols are heat labile and pro-
longed heat exposure can result in irreversible chemical changes in
phenolic compounds, the TPC losses in mushroom slices after dry-
ing may be explained. Additionally, further factors like the activity
of oxidative enzymes (polyphenol oxidase, peroxidase), the con-
tent of organic acids, the concentration of sugar, and the pH can
also cause TPC to degrade (Zhou et al., 2016). Zhou et al. (2017)
similarly reported a decrease in TPC when garlic slices were dried
by IR at temperatures from 50°C to 80°C and powers from 675 to
2.025 W. The increment of TPC values between undigested and
after in vitro simulated gastric digested samples ranged between 53
and 157%, except the sample dried at 50 W IR-HPD, in which a
30% decrement was detected. After simulated in vitro intestinal
digestion, samples had higher TPC values than undigested ones.
There was no significant difference in the TPC value of the control
(C) sample after in vitro simulated gastric digestion and in vitro
simulated intestinal digestion (p>0.05). TPC values increased
between 57 and 185% after in vitro simulated intestinal digestion
compared to undigested samples.

TAC values measured using DPPH and FRAP methods were
shown in Tables 4 and 5, respectively. When the two methods were
compared, the highest TAC values were obtained in the FRAP
method. DPPH values of undigested, in vitro simulated gastric
digested, and in vitro simulated intestinal digested mushroom sam-
ples were determined between 24.32-49.12, 28.49-85.53 and 26.72-
68.64 µmol TE/g DM, respectively. Islam et al. (2016) evaluated
TAC of different mushroom samples in China. They determined
DPPH values between 1.36 and 18.56 µmol TE/g DM. Leiva-
Portilla et al. (2020) investigated the effect of two different drying
methods on the DPPH values of Cyttaria espinosae mushroom
samples. The highest TAC was obtained in freeze-dried samples
(12.82 µmol TE/g DM). DPPH values of fresh and hot air-dried
samples were determined as 9.49 µmol TE/g DM and 8.13 µmol
TE/g DM, respectively. Our DPPH results are higher than these
results. According to the literature, different mushroom varieties
have different TAC. Different species of mushrooms have been
reported to include polysaccharides, triterpenes, sterols, lectins and
proteins. These components are found in different proportions in
each mushroom variety, leading to each mushroom having different
biochemical structures. Adak et al. (2017) used a convective-IR
system for drying strawberries. They chose infrared power from
100 W to 300 W, temperature from 60 to 80°C and velocity from
1.0 m/s and 2.0 m/s. When they increased IR power from 100 W to
300 W, TAC was increased. When air temperature and velocity
were 80°C and 2 m/s, the DPPH value was determined for 100 W
as 2.88 g/g and 300 W as 5.81 g/g. In our study, when IR power
increased from 50 W to 100 W, DPPH and FRAP values of in vitro
gastric and in vitro simulated intestinal digested samples were also
increased (Table 4 and Table 5). However, increasing IR power to
150 W led to decrease TAC values of undigested, in vitro simulated
gastric and intestinal digested samples. The highest DPPH value
was obtained from in vitro simulated gastric digested sample of 100

W. When the DPPH value of undigested and in vitro simulated gas-
tric digested sample dried by IR-HPD at 100 W was compared, the
increment of AC was 116%. However, after simulated intestinal
digestion, the DPPH value of the sample dried at 100 W IR-HPD
decreased 24% compared to in vitro simulated gastric digestion. 

FRAP values of the samples before digestion, after in vitro gas-
tric and after in vitro intestinal digestion were measured between
14.53-32.79, 16.74-44.38, and 14.28-33.49 µmol TE/g DM,
respectively (Table 5). Naknaen et al. (2015) evaluated FRAP val-
ues of dried four different edible mushroom samples using by hot
air-drying method. They determined between 8.51 and 74.99 µmol
TE/g DM. Mushrooms have phenolic acid, monophenolic acid and
polyphenolic constituents. These phenolic compounds are effec-
tive in the TAC of foods (Zeng et al., 2012). In our study, the fresh
sample had the highest FRAP value; also, the most phenolic con-
tent was detected in fresh mushrooms compared to other samples.
Both in vitro simulated gastric and intestinal digested samples of
fresh, control and IR-HPD (50 W) dried mushroom samples
showed lower FRAP values than their undigested ones. The most
variation was found in fresh sample (F), showing a 43% decrease
between undigested and in vitro simulated intestinal digested sam-
ples. However, FRAP values of the in vitro simulated gastric and
intestinal digested samples IR-HPD dried at 100 W had higher than
undigested sample. It may be explained by that new phenolic com-
pounds may comprise after digestion. Also, after digestion, some
phenolic compounds are released. These formed compounds can
contribute to increase in TPC and TAC of foods. TAC of new phe-
nolic compounds formed after in vitro gastric and in vitro intestinal
digestion and released phenolics may not be as high as TAC of
phenolic compounds obtained before digestion. This phenomenon
may cause to decrease or not to change in TAC when increasing
TPC (Rodriguez-Roque et al., 2013).

Effect of infrared-assisted heat pump drying on
individual phenolic contents and their bioaccessi-
bility in mushroom slices

The effect of HPD and IR-HPD on the phenolic composition of
the mushroom slices is shown in Table 6. The analytical parame-
ters are described in Table 7. Totally 13 phenolic compounds,
namely; chrysophanol, 3,4-dihydroxybenzoic acid (protocatechuic
acid), caffeic acid, 2-hydroxybenzoic acid (o-salicylic acid), 4-
hydroxybenzoic acid (p-salicylic acid), ellagic acid, rutin, hes-
peridin, quercetin-3-O-glucoside (isoquercitrin), vanillin, 4-
hydroxycinnamic acid (p-coumaric acid), luteolin and quercetin
were identified, and their amounts were quantified in the fresh and
dried mushroom slices as a result of the LC-MS/MS analysis.
Ellagic acid was not detected in undigested samples. Figure 5
shows the LC-MS/MS chromatogram of standard phenolic com-
pounds. The result indicated that the major compound of undigest-
ed fresh and dried mushroom extracts was p-salicylic acid
(9622.43 µg/L dw) (Table 6). Among the phenolic acids, vanillic
acid (6.1 µg/g dw) and gallic acid (62.76 µg/g dw) were deter-
mined as major phenolic acids in mushroom spices of
Hyphodontia paradoxa and Agaricus bisporus, respectively
(Nowacka et al., 2015).

The amounts of ellagic acid in both undigested and digested
samples remained below the limit of quantification value except
the control sample (47.98 µg/kg) after the intestinal phase. Ellagic
acid was detected in several mushroom species (i.e., Morchella
esculenta, Clitocybe odora, Laetiporus sulphureus, Leucoagaricus
leucothites, Leucopaxillus tricolor, Pleurotus ostreatus, Russula
aurora, Russula azurea, Suillus granulatus) by previous studies
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(Çayan et al., 2020; Wagay et al., 2019). However, analyses of
undigested Agaricus bisporus mushrooms did not yield the same
result (Çayan et al., 2020; Elhusseiny et al., 2021). Food’s pheno-
lic components can be found higher after digestion than in the ini-
tial stage (Lafarga et al., 2019). Cuvas-Limon et al., who examined
different phenolic compounds, reported that ellagic acid was
observed in higher amounts after the digestion phases (Cuvas-
Limon et al., 2022). In addition, when we consider the effect of
thermal treatment on the degradation of phenolic compounds
(Kayacan et al., 2020), it may be considered that the result we
obtained in our study is compatible with the literature data.

P-salicylic, p-coumaric and protocatechuic acids were reported
as the most abundant phenolic compounds in mushrooms by
(Nowacka et al., 2014). Similar to our study, p-salicylic acid
(25.59 mg/kg) was determined the most abundant phenolic acid
form Agaricus bisporus by (Barros et al., 2009).

The distribution of individual phenolic contents was consistent
with the TPC results. A significant decrease was observed in the
amount of phenolic components of dried mushroom slices com-
pared to the fresh sample. The contents of individual phenolics in
mushroom slices were significantly reduced (p<0.05) after drying,
except for protocatechuic acid, which increased by 31.30% at 100
W IR-HPD. P-salicylic acid was the least degraded phenolic, with
a maximum decrease of 3.45 times after 150 W IR-HPD. 

Moreover, when applying 100 W IR-HPD, there was no statis-
tical change in p-salicylic acid (p>0.05). The degradation of phe-
nolics after the drying process may be explained by irreversible
chemical changes in phenolic compounds, which may occur due to
long-term heat treatments (Zhou et al., 2017). Moreover, other fac-
tors such as the activity of oxidative enzymes (polyphenol oxidase,
peroxidase), organic acid content, sugar concentration, and pH can
also lead to phenolics deterioration. These results agree with
Kayacan et al. (2020) who reported that the thermal treatments
caused degradations in the phenolics.

Chrysophanol was not detected after in vitro simulated gastric
digestion, whereas its content was higher after in vitro simulated
intestinal digestion than an undigested fresh sample. The vanillin
content was increased after in vitro simulated gastric (2.55 times)

and intestinal (2.71 times) digestion compared to the fresh sample.
The increase of phenolic compounds after digestion in the intesti-
nal phase might be related to 2 more hours of extraction time and
the effect of the enzymes (lipase, amylase and pancreatin or pro-
tease activity) in the food matrix, facilitating the release of the phe-
nolic compounds bound to the matrix (Bouayed et al., 2011). 

The protocatechuic acid content of fresh mushroom slices
decreased by 90.63% after in vitro simulated gastric digestion, and
it was not detected in dried samples after in vitro gastric and
intestinal digestion. Similar results linked to bounding to the
extracted matrix by ester or glycoside bounds also during digestion
(Odriozola-Serrano et al., 2023). Caffeic acid content decreased
between 71.79 and 98.13% after drying, and while it was not
detected after in vitro simulated gastric digestion, it was deter-
mined after in vitro intestinal digestion in amounts as low as 35.44
(°C), 85.67 (50 W) and 93.84 (100 W) % compared to undigested
samples. IR-HPD drying at 100 W gave the highest results regard-
ing protocatechuic acid and caffeic acid in all drying conditions.
O-salicylic acid and p-salicylic acid values decreased between
60.67-86.29% and 71.13-94.60% after in vitro gastric digestion
compared to undigested samples. After in vitro intestinal digestion
simulation, variable results were obtained. For example, after sim-
ulated in vitro intestinal digestion, the amount of o-salicylic acid in
fresh mushroom slices decreased by 14.37%, while p-salicylic acid
increased by 41.57% compared to the values obtained in in vitro
simulated gastric digestion. After drying, applying 150 W and 100
W IR-HPD caused minimum degradation of o-salicylic acid and p-
salicylic acid. In a study performed on wild edible mushrooms
(Hericium erinaceus and Hericium coralloides) detected degrada-
tion of p-salicylic acid with post-gastric and post-intestinal diges-
tion (Heleno et al., 2015a). Similarly, another study carried out by
(Heleno et al., 2015b), on two other wild mushroom species
(Volvopluteus gloiocephalus and Clitocybe subconnexa) gave the
same results both for p-salicylic and protocatechuic acid. The
authors emphasised the possibility of linking phenolic compounds
with other molecules, such as polysaccharides, that might make it
difficult to cross the dialysis membrane. This fact can be consid-
ered for o-salicylic acid as well.
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Figure 5. Liquid chromatography tandem-mass spectrometry chromatogram of the mushroom sample. 1, protocatechuic acid; 2, p-sali-
cylic acid; 3, caffeic acid; 4, rutin; 5, ellagic acid; 6, isoquercitrin; 7, p-coumaric acid; 8, vanillin; 9, hesperidin; 10, o-salicylic acid; 11,
luteolin; 12, quercetin; 13, chrysophanol.
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Isoquercitrin, quercetin, and rutin contents completely disap-
peared after in vitro simulated gastric digestion (except for 100 and
150 W) and after in vitro intestinal digestion. Many vegetables,
including mushrooms, contain significant amounts of dietary fibre.
It has been suggested that dietary fibre has binding effects on some
plant polyphenols and reduces bioaccessibility by limiting the dif-
fusion of enzymes to their substrates (Palafox-Carlos et al., 2011).
Therefore, the decrease in quercetin glycosides may be related to
the presence of dietary fibres. Similarly, p-coumaric acid and lute-
olin contents completely disappeared after in vitro simulated gas-
tric and intestinal digestions. Hesperidin content in dried mush-
room slices was reduced after simulated intestinal digestion.
Hesperidin in fresh mushroom samples was not detected after in
vitro simulated gastric digestion, whereas a 73.97% reduction was
observed after in vitro simulated intestinal digestion.

Colour values
The colour parameters acquired from the fresh and dried mush-

room slices are presented in Table 8. L* values indicated the light-
ness/darkness of mushroom slices, which were measured between
46.72 and 65.32. The fresh sample showed the highest L* value so
the brightest mushroom sample can be called fresh mushroom
slices. When mushroom slices dried at 40°C HPD, L* value was
decreased. Kantrong et al. (2014) analysed colour parameters of
microwave-vacuum dried (MVD) mushroom samples and MVD
with IR-dried mushroom samples. They used 100 W and 200 W
infrared radiation. In this study, the drying process led to a
decrease in the L* value and also the highest L* value was obtained
from a fresh sample. Colour parameters of mushrooms are impor-
tant quality factors for both consumers and producers. Enzymatic
and non-enzymatic reactions between carbohydrates, amino acids
and reduced saccharides lead to the formation of brown com-
pounds during the drying process. These compounds decrease L*
value, which is undesirable as it causes darkening in colour (Wang
et al., 2014). The lowest L* value was found in the dried sample
by IR-HPD at 50 W. When IR power was increased to 100 W, the
L* value of the mushroom sample was the highest. IR drying can
inactivate browning reactions; besides, some studies showed that
increasing IR power provided faster inactivation of enzymatic
browning reactions (Kantrong et al., 2014). a* and b* values of
mushroom samples were measured between 2.35-6.31 and 18.80-
30.54, respectively. ΔE* value is an important factor indicating the
total colour change. When the ΔE* value is below 1.5 and above 6
can be interpreted as not visible and visible, respectively, for con-
sumers (Kantrong et al., 2014). The ΔE* values of dried mush-
rooms were found between 11.40 and 21.53 and fell into the clear-
ly visible category. 

There was no significant difference between C* and h° values

of Control (C), and the samples dried at 50 W, 100 W, and 150 W
IR-HPD except for fresh samples. Wang et al. (2014) dried shiitake
mushroom slices using three different drying methods [mid-
infrared assisted convection drying (MIRCD), hot air coupled with
radio frequency drying and hot air coupled with microwave dry-
ing]. They measured the a* and b* values of fresh samples as 7.61
and 16.72, respectively. In addition, the a* and b* values of
MIRCD mushroom samples were found to be 6.71 and 14.72,
respectively. Similar to our study, b* values which indicate blue-
ness/yellowness, were determined to be higher than a* values
(greenness/redness). Also, when the MIRCD method was com-
pared with the other two methods, they reported that the best
colour parameters were obtained in the MIRCD method because of
the inactivation of the browning reactions when using IR for dry-
ing. In another study that used freeze drying (FD) and hot air con-
vective drying (CD), Leiva-Portilla et al. (2020) reported that a*
values of dried mushroom slices were measured as 12.04 (FD) and
14.38 (CD) and b* values of samples were determined as 34.90
(FD) and 41.07 (CD).

Thermal camera images of mushroom slices
The thermal imaging camera has exclusive superiority in deter-

mining the surface temperature of materials because it can convert
the invisible IR radiation generated by objects into visible thermal
images (Su et al., 2020). The thermal camera images of IR (50, 100
and 150 W) assisted HPD and HPD without IR systems are given
in Figure 6. The maximum temperatures of IR lamps at 50, 100 and
150 W were measured as 109.5, 118.9 and 122°C, respectively.
Due to the geometric differences between the lamps, the tempera-
tures are not the same at every point of the lamp. Regardless of the
infrared lamp capacities, it was determined that the cabin temper-
ature was uniform and averaged 40°C in all experiments. It was
caused by the continuous variability of the interior air, whereas it
has been observed that IR lamps were not effective in increasing
the interior temperature of the cabinet.

The product temperatures of IR-HPD and without IR-dried
mushrooms are given in Figure 7. Red, green and blue regions in
the thermal images correspond to higher, medium and lower tem-
peratures of mushroom slices during the dehydration period,
respectively (Figure 7). While the temperatures of control samples
have a homogeneous distribution in the drying process, it has been
determined that IR-HPD dried mushrooms eliminate this homoge-
neous distribution. The cause is an unequal power distribution in
the powerful IR field, which might cause local temperatures to be
too high for even drying (Su et al., 2020). While the maximum
temperature of the control sample was 35.4°C, the maximum tem-
peratures of the products in the IR-HPD process dried at 50, 100,
and 150 W were determined as 36.7, 41.3 and 41.5°C, respectively.
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Table 8. Colour values of mushroom slices.

Sample                     L*                                  a*                               b*                          △E*                                C*                              h°

F                             65.32±0.38a                         2.35±0.66b                     30.54±0.90a                          -                                 30.64±0.86a                   85.58±1.36a

C                           56.48±0.51abc                        5.20±1.72a                    24.17±0.31b                 11.40±5.19b                       24.78±0.29b                   77.64±0.46b

50 W                      46.76±1.95c                         6.31±0.87a                     20.06±0.23b                 21.53±3.31a                       21.06±0.21b                   72.38±0.33b

100 W                   64.12±1.26ab                       4.10±1.76ab                    18.80±0.36b                15.93±2.08ab                       19.32±0.34b                   77.19±0.60b

150 W                   52.08±1.70bc                       4.53±0.28ab                    21.82±0.38b                14.92±4.12ab                       22.29±0.37b                   78.14±0.13b

F, sample of fresh mushroom; C, control sample dried at 40°C with HPD; 50 W, dried at 40°C with 50 W IR-HPD; 100 W, dried at 40°C with 100 W IR-HPD; 150 W, dried at 40°C with 150
W IR-HPD. Values followed by different lower letters within the same column are significantly different (p<0.05).
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Figure 6. Thermal camera images of the drying system. a) Control sample dried at 40°C with heat pump drying; b) 50 W, dried at 40°C
with 50 W infrared-assisted heat pump drying; c) 100 W, dried at 40°C with 100 W infrared-assisted heat pump drying; d) 150 W, dried
at 40°C with 150 W infrared-assisted heat pump drying.

Figure 7. Thermal camera images of dried mushroom samples as removed from the dryer. a) Control sample dried at 40°C with heat pump
dryin; b) 50 W, dried at 40°C with 50 W infrared-assisted heat pump drying; c) 100 W, dried at 40°C with 100 W infrared-assisted heat
pump drying; d) 150 W, dried at 40°C with 150 W infrared-assisted heat pump drying.
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In the 100 and 150 W IR-HPD drying systems, while the tempera-
ture inside the cabinet is kept constant at an average of 40°C, as in
other drying conditions, it has been determined that IR lamps
increase the temperature of the products in the middle regions
close to the lamp by approximately 1.5°C. However, when a 50 W
IR lamp is used, it has been observed that the temperature differ-
ence between the products near and far from the lamp is approxi-
mately 1°C. In addition, although the maximum temperatures are
close to each other (41.3 and 41.5°C) when 100 and 150 W are
applied, it has been determined by thermal camera images that
using 150 W infrared lamps affects more products than 100 W.

Conclusions
The present study demonstrated the impacts of hybrid drying

(IR-HPD) on drying characteristics, colour, thermal imaging and
bioaccessibility of phenolics and AC of mushroom slices. The
results showed that IR-HPD shortened the drying time between 33
and 93 min when compared with control (HPD), and its effect
increased when IR power increased. Moreover, using IR for assist-
ing HPD provided 13.11 to 30.77% less energy consumption than
the control sample. The best models for predicting the drying
kinetics of mushroom slices were the Page and Modified Page
models. The Deff values ranged from 9.023x10-10 m2s-1. In the IR-
assisted samples, the Deff value increased up to 39% compared to
the control. TAC, AC and individual phenolics in mushroom slices
decreased after drying compared with fresh samples. The incre-
ment in IR power caused the reduction in TPC and AC. 50 W IR
power showed the highest TPC and AC while the highest individ-
ual phenolic contents were obtained from generally 100 W IR-
HPD among dried samples. In vitro bioaccessibility of individual
phenolic compounds and AC generally decreased. However, TPC
values increased between 57 and 185% after in vitro simulated
intestinal digestion compared to undigested samples. L*, b*, C*,
and h° values generally decreased while the a* value determined
that the lamps did not affect the interior temperature of the cabinet
but increased after drying of mushroom slices. In HPD systems
where IR lamps were used, it affected the product temperatures
close to the lamp. This situation caused the products in the same
tray to differ in drying times. Therefore, future studies should
focus on obtaining the effects of the lamps on the drying time of
the products more clearly by positioning the IR lamps at an equal
distance from all the products in the cabinet. In addition, the dis-
tances of the IR lamps to the products should be examined and the
optimum lamp distances where the products are dried homoge-
neously should be determined. Moreover, from the results
obtained, IR-HPD can be a promising method because of its
advantages. The findings of this comprehensive study are expected
to guide manufacturers on the process design of the mushroom
slices and the optimisation of the process parameters. Further stud-
ies may be by using IR lamps with different powers should be con-
ducted in order to enlighten the contribution of IR-HPD to the dry-
ing kinetics and quality attributes of mushroom slices.
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