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A B S T R A C T   

In this work, physical changes such as protein denaturation, cell membrane integrity, and the viscoelastic 
relaxation of mushrooms, as induced by drying treatments, were investigated as possible causes of the variation 
in moisture sorption isotherms (MSIs) and hysteresis. Our investigations involved both experimental and theo
retical evaluation of MSIs. Via analysis with the Flory-Huggins (FH) theory, we concluded that 1) the protein 
denaturation does not significantly affect moisture sorption and hysteresis, and 2) cell membrane integrity only 
influences on the moisture sorption/water holding capacity at high relative humidity. Additional experiments 
show that mushrooms exhibit viscoelastic properties, which are temperature and moisture-dependent. As dy
namic vapor sorption (DVS) experiments show signs of viscoelastic relaxation, we consider the latter to be the 
likely determining factor affecting the variations in MSI and hysteresis. The Flory-Rehner theory follows that one 
needs to include elastic stress into the driving force of drying. For viscoelastic media, a separate model, like the 
generalized Maxwell model, should describe the stress evolution linked to a drying model.   

1. Introduction 

Moisture sorption isotherms (MSIs) should ideally illustrate the 
equilibrium amount of water held by the food solids as a function of 
relative humidity at a constant temperature or equivalently as a function 
of water activity. Consequently, it can be used for the modeling and 
possible optimization of food drying procedures, as the water activity is 
related to the driving force for drying, i.e. the gradient in the chemical 
potential of water (Jin et al., 2014). However, many MSIs measurements 
conducted by food scientists via a single cycle of the sorption-desorption 
process do not exhibit equilibrium conditions, as evidenced by the ex
istence of hysteresis (Burnett et al., 2006; Caurie, 2007). Hence, a good 
knowledge of the physical causes of the deviation of MSIs from equi
librium is essential (Dupas-Langlet et al., 2016). 

Hysteresis has been given much attention in the field of wood drying. 
Several studies reported that during the multiple humid-dry cycles, the 
wood underwent a relaxation of internal mechanical stresses. The partial 
relaxation of stress results in wood samples, with different pre- 
treatments, to exhibit similar hysteresis when exposed to the second 
and third cycles. The different hysteresis values during the first sorption- 

desorption cycle is attributed to the different amounts of mechanical 
stress build up during the various drying pretreatments (Hill et al., 
2012). Therefore, we assume that MSIs obtained after multiple 
sorption-desorption measurements would better reflect the equilibrium 
moisture sorption properties of samples, as a consequence of the relax
ation of the internal stress. 

When exploring the causes rendering the differences in moisture 
sorption isotherms of different samples, researchers tend to attribute 
these to the changes in 1) hygroscopic properties induced by protein 
denaturation (Paudel et al., 2015; van der Sman, 2012); 2) microstruc
ture properties, such as loss of cell membrane integrity (Lee and Lee, 
2008; Pedro et al., 2010), or 3) mechanical properties like viscoelasticity 
(Fredriksson and Thybring, 2018; Hill et al., 2012; Patera et al., 2016; 
Salmén and Larsson, 2018). However, a detailed mechanistic interpre
tation of these factors on moisture sorption behaviour during multi-cycle 
dynamic vapor sorption (DVS) measurements, is still lacking. 

In this work, we conducted dual cycle sorption-desorption DVS 
measurements on powdered dried shiitake mushroom samples obtained 
from different drying methods. Furthermore, we investigated the above 
mentioned factors affecting MSIs during the dual sorption-desorption 

* Corresponding author. 
** Corresponding author. 

E-mail addresses: lina.hu@wur.nl (L. Hu), bjfcaas@126.com (J. Bi), jinxin@caas.cn (X. Jin), ruud.vandersman@wur.nl (R. van der Sman).  

Contents lists available at ScienceDirect 

Journal of Food Engineering 

journal homepage: www.elsevier.com/locate/jfoodeng 

https://doi.org/10.1016/j.jfoodeng.2023.111506 
Received 13 June 2022; Received in revised form 14 January 2023; Accepted 14 March 2023   

mailto:lina.hu@wur.nl
mailto:bjfcaas@126.com
mailto:jinxin@caas.cn
mailto:ruud.vandersman@wur.nl
www.sciencedirect.com/science/journal/02608774
https://www.elsevier.com/locate/jfoodeng
https://doi.org/10.1016/j.jfoodeng.2023.111506
https://doi.org/10.1016/j.jfoodeng.2023.111506
https://doi.org/10.1016/j.jfoodeng.2023.111506
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jfoodeng.2023.111506&domain=pdf


Journal of Food Engineering 351 (2023) 111506

2

cycle. The effect of protein denaturation on MSIs is illustrated via the 
comparison of experiments with theoretical predictions based on the 
Flory-Huggins theory (Jin et al., 2014; Paudel et al., 2015; van der Sman, 
2012). The cell membrane integrity of mushroom samples was identified 
by transmission electron microscopy (TEM). Subsequently, its effect on 
the MSIs of mushrooms is investigated by comparing the experimental 
data and the predicted MSIs calculated via the Flory-Huggins (FH) 
theory, while assuming cell wall and vacuole being a phase-separated 
system (Jin et al., 2014). We argue that overshoots observed in DVS 
experiments indicate the effect of stress relaxation and studied the 
viscoelastic properties of mushrooms via compression and stress relax
ation tests on cylindrical mushroom samples with different moisture 
contents. Finally, we assume that the effect of stress relaxation can be 
explained by theory, where Flory-Rehner theory is coupled to a gener
alized Maxwell model, describing the viscoelastic property of the food 
material. 

2. Material and methods 

2.1. Materials preparation 

Fresh shiitake mushrooms were used in this study and were pur
chased from a mushroom farm in Beijing (China). After cutting off the 
stem and cleaning with tap water, mushrooms were divided into three 
batches on average. One batch of mushrooms was dried with a freeze 
dryer (abbreviated as FD) (Alpila-aplus 4Lplus, Christ Co. Ltd., Osterode 
am Harz, Germany) under the same conditions as described in our 
previous study (Hu et al., 2021); the other two batches underwent hot 
air drying at 35 ◦C, 80 ◦C (abbreviated as HA35, HA80) with a hot air 
drier (DHG-9123 A, Shanghai Jinghong Experiment Facility Co., Ltd., 
Shanghai, China) with an air velocity of 1.2 m/s. 

2.2. Measurement of moisture sorption isotherms on powdered dried 
mushrooms 

Powdered dried mushroom samples (or dried mushroom powder) 
were obtained with a DFT-200 high-speed pulverizer (Linda, Wenling, 
China). The pulverization process lasted for 10 s, twice. The powder 
samples with relatively homogeneous particles were obtained after 
passing through 40 mesh sieves. Isotherms of powder samples weighing 
22 mg ± 0.05 mg were determined at 25 ◦C with a dynamic vapor 
sorption analyzer (DVS) (Surface Measurement Systems Ltd., London, 
UK) equipped with a Cahn microbalance. Note that the powder samples 
were compacted on the specimen disc so that the structure of the pile of 
powder could be similar. Measurements were started by drying for 24 h 
at 0% RH, after which the RH was increased with 10% increments up to 
90% RH, and then lowered again to 0% RH with 10% increments. This 
cycle of sorption/desorption was performed twice. A steady state was 
assumed when the weight change was less than 0.0005 min− 1 over a 
window of 30 min. Isotherms were determined in duplicate. 

2.3. Compression and stress relaxation test on cylindrical mushroom 
samples 

Cylindrical mushroom samples were obtained from the cap of fresh 
mushrooms with a cylindrical steel tube cutter. The dimension of the 
fresh cylindrical samples was 10 mm ± 0.05 mm (diameter) × 10 mm ±
0.05 mm (height). These samples were dried to different moisture con
tents (Mc) at around 70%, 50%, 30%, and 10% (wet basis, w. b.) at 35 ◦C 
and 80 ◦C, respectively. Subsequently, compression stress relaxation 
tests were performed by TA. HD Plus Texture Analyzer (Stable Micro 
Systems, UK) with an AACC 36 mm cylinder probe with radius (P/36 R) 
and Exponent 5.1.2.0 software, similar to (Myhan et al., 2015). The 
speed of the loading during compression was 1 mm/s. In the relaxation 
phase, the sample was held at constant strain (30% of the initial sample 
height) for 60 s. We performed ten test replications on mushrooms 

obtained from different drying treatments. 

2.4. Transmission electron microscopy (TEM) 

The cellular structure of fresh mushroom and powdered dried 
mushroom samples was observed with a Hitachi H-7500 TEM (Hitachi, 
Tokyo, Japan) according to the method of (Hayat, 2012). The samples 
were treated as described in our previous work (Qiu et al., 2021). Each 
piece was imaged at least six times. Here, the fresh mushroom is used as 
the reference showing the state of the intact cell membrane. 

2.5. Statistical analysis 

The values in tables were presented by the means ± standard devi
ation. Statistical analysis was performed with SPSS software (Version 
18.0, SPSS, Inc., Chicago, IL, USA), using analysis of variance (ANOVA) 
and Tukey test. Significant differences (at the p < 0.05 level) were 
expressed with small letters a-f. 

3. Model description 

3.1. Moisture sorption model 

In the moisture sorption model, we take into account the impact of 
the cell membrane integrity of mushrooms on MSI. We view the mush
room powder with intact cell membranes as a phase-separated system, 
similar to our previous study (Jin et al., 2014). All solutes, such as sugars 
and ions, are located in the vacuole, which is considered a single-phase 
(Phase 1). On the other hand, all the biopolymers as proteins and fibers 
from the cytoplasm and cell wall, are assumed to be located in another 
phase (Phase 2). These phases are separated by the cell membrane (of 
the vacuole), whose permeability allows water to diffuse between the 
two phases. We assume local equilibrium between the two phases, 
leading to the partitioning of water over the two phases, such that the 
water activities of the two phases are equal. Therefore, the water activity 
of mushrooms with intact cell membranes follows: 

aw,phase 1 = aw,phase 2 (1) 

But when the cell membrane is disrupted, the solutes from the vac
uole can mix with the cell wall and cytoplasm, and hence we take the 
mushroom tissue as a single, homogeneous phase, with all compounds 
fully mixed. 

The main compounds composing shiitake mushroom are listed in 
Table 1, with composition obtained from (Buwjoom et al., 2004; Car
neiro et al., 2013; Julita Reguła, 2007; Reis et al., 2012). We display the 
averaged values from these data sources and list which phase they are 
located in (Phase 1: vacuole or Phase 2: cell wall/cytoplasm). We note 
that in all data sources, protein content is determined with a 
nitrogen-to-protein conversion factor of 4.38, which is required for the 
correction of nitrogen-containing chitin. The main ionic compound is 
potassium phosphate (KH2PO4) in mushrooms (Iiyama et al., 1996), 
which is considered that only 50% of the phosphate is soluble. 

Table 1 
Fraction of components in dry matter of shiitake mushrooms.  

Component 
Location 
Content 

Mannitol Trehalose Fiber Protein Ash 
(KH2PO4) 

Phase1 ✓ ✓   ✓ 
Phase2   ✓ ✓  

0.307 ±
0.16 

0.033 ±
0.016 

0.375 ±
0.13 

0.17 ±
0.11 

0.0335 ±
0.007 

Values are expressed as mean ± standard deviation. 

L. Hu et al.                                                                                                                                                                                                                                       
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For a solution with both neutral and charged solutes, the chemical 
potential of water can be computed simply by adding the contributions 
of the involved solutes (van der Sman, 2012): 

Δμtot =Δμmix + Δμion (2) 

Δμmix is the contribution of neutral solutes, and Δμionic is the contri
bution of ions. In terms of water activity, the contributions to the water 
activity can be multiplied as: 

aw,tot = aw,mix ∗ aw,ion (3) 

The contribution of neutral solutes, aw,mix, follows the Flory- Huggins 
(FH) theory. The free volume contribution to moisture sorption is zero, 
as the glass transition temperature of fresh shiitake mushrooms is already 
lower than the room temperature (Zhao et al., 2016). The contribution 
of ions (ash) aw,ion is described by the Pitzer equation. In the cell 
wall/cytoplasm phase (Phase 2), ions are absent, and FH theory can be 
used to compute the water activity of the water/biopolymer mixture. 

For the phase-separated system, the water activities are as follows: 

aw,phase 1 = aw,mix polymer (4)  

aw,phase 2 = aw,mix sugar ∗ aw,ion (5) 

According to the local equilibrium between the two phases, the 
volume fraction of water фw,phase 1,фw,phase 2 are adjusted, such that equal 
water activities are achieved under the constraint of a constant total 
amount of water. For this partitioning of water, we have used the 
minimization procedure present in the Scipy toolbox of Python. 

Flory Huggins theory for aw,mix. 
Based on Flory Huggins theory (Jin et al., 2014; Paudel et al., 2015; 

van der Sman, 2012), the water activity aw,mix is: 

ln aw,mix
(
фw, χ eff ,Neff

)
= ln(фw)+

(

1 −
1

Neff

)

(1 − фw) + χ eff (1 − фw)
2

(6)  

in which фw is the volume fraction of water, which is the volume ratio of 
water and the sum of water and sugar, χ eff is the effective interaction 
parameter, Neff is the effective ratio of the molar volume of water versus 
solutes. The effective ratio of the molar volume of water versus that of 
the solutes (Neff ) is: 

1
Neff

=

∑
i
фi
Ni∑

iфi
(7) 

фi is the volume fraction occupied by component i , Ni is the ratio of 
molar volumes of water and solute. For high molecular weight polymers 
like fiber and proteins, Ni could be 0. 

χ eff is the effective interaction parameter between components and 
water, which is given as: 

χ eff =

∑
iфiχ iw∑

iфi
(8)  

Here, χ iw is the interaction parameter between component i and water, 
and фi is the volume fraction of component i. For trehalose and mannitol 
in mushrooms, the interaction parameters with water are constant with 
values of 0.5 and 0.37, respectively (van der Sman and Mauer, 2019). 
For polymers (fibers and protein), the interaction parameter is 
composition-dependent, which is as follows: 

χ iw = χ iw,0 +
(
χ iw,1 − χ iw,0

)
∗
(
1 − ф̃w,ef f

)2 (9)  

in which χ iw,0 equals 0.5, and holds universally for all bipolymers, and 
χ iw,1 is the interaction parameter with the dry polymers i, which is 
specific for each biopolymer. χ iw,1 is constant at 0.8 for fibers. For pro
teins χ iw,1 is temperature dependent due to its denaturation. Over a 

relatively large temperature range, it changes from 0.8 to 1.4, following 
a logistic (sigmoid) function (Paudel et al., 2015; van der Sman, 2012): 

χ pw，1(T)= χ p1,0 +
χ p1,∞ − χ p1,0

1 + a ∗ exp(b ∗ (T − Te))
(10)  

in which χ p1,0 = 0.8 and χ p1,∞ = 1.4 are the values attained by χ iw,1 when 
the proteins are in their native state and fully denatured states, respec
tively. T is the processing temperature. Te, the mid-point of the sigmoid 
curve, equals 350 K, which can be viewed as the protein denaturation 
temperature of shiitake mushrooms (Qiu et al., 2022). The values of a 
and b are 1.72 and − 0.28, respectively, which is assumed similar to the 
values obtained for white button mushrooms (Paudel et al., 2015). Note 
that the irreversibility of denaturation implies that the interaction 
parameter retains the values according to the highest temperature 
experienced. 

The effective water volume fraction ф̃w,ef f accounts for hydrogen 
bonding of all plasticizers present in the system, and it is defined as 
follows (van der Sman and Mauer, 2019): 

ф̃w,ef f =фw +
∑

i
фs,i

(
NOH,Sνw

NOH,wνs

)

(11)  

Here, фw and фs,i are the volume fraction of water and the solutes i, 
respectively. νw and νs are the molar volume of water and solutes, 
respectively. The NOH,S

νs 
represents the number of H-bonding sites effec

tively available within the molar volume of solutes for intermolecular 
interactions. The values of NOH for water, mannitol, and trehalose are 2, 
3.56, and 7.72, respectively (van der Sman, 2016; van der Sman and 
Mauer, 2019). 

Pitzer theory for aw,ion. 
Earlier for salted meat products, the Pitzer theory was combined with 

Flory Huggins Free Volume (FHFV) theory, based on the assumption of 
little interaction between salt and proteins (van der Sman, 2012). We 
take aw,ionic as the contribution from ash (phosphate, KH2PO4). In the 
Pitzer theory the state of electrolyte solutions is expressed in terms of the 
osmotic coefficient Φ: 

(Φ − 1)= − AΦz2
i

̅̅
I

√

1 + b
̅̅
I

√ +
(

β(0)
ij + β(1)

ij exp− α
̅̅
I

√ )
m (12)  

with the relation between the osmotic coefficient and the water activity: 

ln
(
aw,ion

)
= − Φ ∗ Mw

∑

i
m (13) 

AФ = 0.391 is the Debye factor, Zi = 1 is the valency of the salt, α =

2 and b = 1.2 are constants as determined by Pitzer, βn
ij are parameters, 

which are specific for ion pairs ij. For KH2PO4, β0
KH2PO4

= − 0.0678 and 
β1

KH2PO4
= − 0.1042 (Pitzer and Mayorga, 1973). I = 1

2
∑

z2
i mi is the ionic 

strength on molality basis, m is the molality of the electrolyte, which is 
the number of mole of solute per kg of water. Mw is the molecular weight 
of water, 18 g/mol. 

3.2. Viscoelastic relaxation model 

A simple idealization of the viscoelastic characteristics of a material 
is the Maxwell model, which describes how mechanical stress changes 
with time: 

dσ
dt

= −
σ
τ + Es

dε
dt

(14) 

τ is the viscoelastic relaxation time, ε is the total strain, and Es is the 
elastic (shear) modulus. σ is the stress. 

During the viscoelastic relaxation phase of a compression test, the 
total strain is constant, i.e. dε

dt = 0, and consequently, the stress relaxes 
via a single exponential function: 

L. Hu et al.                                                                                                                                                                                                                                       
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σ(t)= σ0 exp
(
−

t
τ

)
(15) 

σ0 = Esε0, ε0 is the initial strain during the relaxation phase. 
For complex materials like vegetables, a single relaxation time model 

is insufficient to describe their viscoelastic behaviour (Ozturk, Oguz K. 
and Takhar, Pawan S., 2019a). Hence, we have fitted the results of stress 
relaxation during the compression test with a stretched exponential 
model, also known as the Kohlraush–Slonimsky equation (Barua and 
Saha, 2016; Junisbekov et al., 2003). 

σ(t)= (σ0 − σ∞)exp
(
−

t
τ

)β
+ σ∞ (16)  

where σ0 is the initial stress at the beginning of the stress relaxation 
phase; σ∞ is the equilibrium modulus when t →∞; τ is the characteristic 
relaxation time. The stretched exponential model can be seen as the 
approximation of the fractional viscoelastic model (Simpson et al., 
2013), which has been used for characterizing the viscoelastic properties 
of apples during drying (Mahiuddin et al., 2018). The applicability of 
fractional derivative models and stretched exponentials implies the ex
istence of a broad distribution of relaxation times (Larson, 1985). 
Numerically, fractional derivative models are difficult to solve, therefore 
they are often approximated with a Prony series (Pettermann and Hüs
ing, 2012), which is similar to a generalized Maxwell model: 

σ(t)= (σ0 − σ∞)exp
(
−

t
τ

)β
+ σ∞ ≈

∑k

1
σiexp

(

−
t
τi

)

+ σ∞ (17)  

4. Results and discussion 

4.1. Sorption isotherms of powdered dried mushrooms 

Fig. 1a shows moisture sorption isotherms of powdered mushrooms 
with different drying treatments, obtained from dual sorption- 
desorption cycle measurements. One can observe the hysteresis be
tween the sorption and desorption branches of the first cycle isotherms 
(with their difference shown in Fig. 1b). The hysteresis phenomenon is 
also reported in previous studies for mushrooms (Argyropoulos et al., 
2010; Pascual-Pineda et al., 2020). When mushroom samples were 
subjected to a second sorption-desorption cycle, we found that hysteresis 
was reduced for all drying treatments. Similarly (Keating et al., 2013), 
reported that hysteresis vanished in man-made hemicellulose (gal
actomannan) films above 75% RH at 25 ◦C and attributed it to the 
softening of the hemicelluloses at this humidity (Hill et al., 2012). found 
a significant decrease in the sorption hysteresis for wood during the 
second and third cycles. The given explanation for this hysteresis 
reduction is the relaxation of internal stresses during the adsorption 
branch of the first cycle (Hill et al., 2009, 2012; Kohler et al., 2003). 
These studies induced our assumption that MSIs of dried mushroom 
samples obtained from multiple sorption-desorption measurements 
present the real moisture sorption equilibrium. Moreover, all 
second-cycle MSIs of the samples with different drying treatments 
largely overlap, as shown in Fig. S1b. This makes us confident that all 
samples have reached a similar equilibrium, irrespective of their drying 

Fig. 1. MSIs (a) and hysteresis (b) for HA35, HA80, and FD dried shiitake mushroom powders (b left: first sorption-desorption cycle; b right: second sorption- 
desorption cycle). 

L. Hu et al.                                                                                                                                                                                                                                       
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pretreatments. We note in Fig. 1b right, there are still differences in the 
high water activity range. We assume these differences are not attrib
uted to the hysteresis but to the water holding capacity (WHC) 
differences. 

4.2. Effect of protein denaturation on MSI interpreted with Flory-Huggins 
theory 

In this section, we analyze the effect of protein denaturation on 
moisture sorption isotherms on 1) the hysteresis observed during the 
first sorption-desorption cycle and 2) the hysteresis variation in the 
“equilibrium” MSI between treatments as observed during the second 
cycle. One of the starting hypotheses was that hysteresis might be caused 
by protein denaturation. From the observation of MSIs for HA80 sam
ples, we observe hysteresis during the first sorption-desorption cycle, 
which is almost reduced to zero during the second sorption-desorption 
cycle. We note that protein denaturation happened only in HA80 and 
FD treatments (due to cold denaturation). Given the mild product tem
peratures during HA35 treatment one can safely assume that the pro
teins remain in the native state. Protein denaturation happening at high 
temperatures, as during HA80, is commonly assumed to be irreversible, 
i.e. the protein will not fold back to the native state. Concerning the FD 
we note that in literature, there is no consensus on whether cold dena
turation is (ir)reversible (Lau et al., 2013). Hence, we know for certain 
that the proteins have not changed their state during the DVS experi
ments of HA35 and HA80 samples. Consequently, we cannot attribute 
the hysteresis reduction to the protein denaturation, as the protein 
remained denatured througout the DVS experiment. 

Furthermore, we give an analysis based on the second-cycle MSIs of 
HA35 and HA80 dried samples. The protein denaturation degree can be 
quantified by the temperature-dependent interaction parameter be
tween protein and water (van der Sman, 2012), based on FH theory. It is 
noted that after HA drying (T > 35 ◦C), the (partial) protein denatur
ation is irreversible (Baltacıoglu et al., 2015), implying that the inter
action parameters between water and protein remain at the values of χ 
as imposed by the drying treatment. As depicted in Table 2, we calcu
lated the interaction parameters (χ pro,w and χ pro,w 1) between protein and 
water according to Eq. (10), assuming that product temperature has 
reached drying temperature at the end of drying. We found that the 
interaction parameters increased promptly when the drying tempera
ture was over 80 ◦C. Coincidentally, the protein denaturation temper
ature of shiitake mushrooms was measured to be as high as 76 ◦C (Qiu 
et al., 2021), meaning the interaction parameter can quantitively 
describe the denaturation degree. Variation of the interaction parame
ters for samples obtained from different drying temperatures indicates 
the protein denaturation is supposed to affect the moisture sorption. 
Then we applied the FH theory model to predict the MSIs obtained at 
35 ◦C and 80 ◦C. The predicted MSIs are comparable to the experimental 
curves measured during the second sorption-desorption cycle. Thus, our 
calculations can accurately predict the equilibrium sorption isotherm 
(second cycle). However, a very limited difference is found between 
both predicted and measured MSIs of HA35 and HA80 dried samples, as 
shown in Fig. 2. Consequently, we tend to conclude that protein dena
turation should not be the cause for hysteresis reduction but present 
some influence on the equilibrium moisture sorption of mushrooms. 

4.3. Effect of cell membrane integrity on MSI 

4.3.1. Cell membrane integrity of mushrooms 
The fate of cell membrane integrity due to the different drying 

methods of HA35, HA80, and FD was first investigated with trans
mission electron microscopy (TEM). Note, our dried samples were mil
led to powders to allow fast MSI measurements. As shown in Fig. 3, 
when taking the TEM images of fresh mushrooms as the reference, we 
found that HA35 dried powder samples retained intact cell membranes, 
while HA80 and FD dried ones present severe plasmolysis, cell mem
brane damage, and cell wall distortion. These results were consistent 
with our previous study (Qiu et al., 2021, 2022). Cell membrane rupture 
might be due to the denaturation of membrane proteins, or the (liquid 
crystal/gel) phase transition of membrane lipids (Lewicki and Pawlak, 
2003, 2005; Voda et al., 2012). Besides, there is an interesting finding 
from the intact cell membrane of HA35 dried samples; namely, no 
damage happens on the cell membrane during milling. 

4.3.2. Effect of cell membrane integrity on MSI interpreted with theory 
As in the previous section, we first investigate the possible effect of 

cell membrane rupture on hysteresis. Likewise, cell membrane rupture is 
irreversible processes, happening at elevated temperatures (T > 45 ◦C) 
(Hu et al., 2021), or during freezing (Sman, 2020). Hence, we can follow 
a similar line of reasoning concerning its effect on hysteresis. For there is 
no change in the state of the cell membrane during the DVS measure
ments, the hysteresis reduction during the second sorption-desorption 
cycle cannot be attributed to the loss of cell membrane integrity. 

To evaluate the effect of cell membrane integrity on the “equilib
rium” moisture sorption isotherms, we compared theoretically calcu
lated moisture sorption isotherms with experimental ones obtained from 
the second sorption-desorption cycle measurement. We assume all in
gredients in the mushroom powder with ruptured membranes constitute 
a single, homogeneous mixed phase. While ingredients in the powder 
with intact membranes constitute a two-phase system, with solutes in 
the vacuole representing one phase, and the biopolymers existing in the 
cell wall and cytoplasm representing a second phase. The two-phase 
system is separated by the (vacuole) membrane, which allows the par
titioning of water between phases until equilibrium is reached. There
fore, the HA35 dried sample having an intact cell membrane can be seen 
as a phase-separated system, while FD and HA80 dried samples pre
senting a ruptured cell membrane should be taken as a mixture system. 
Considering the more even distribution of ingredients in FD samples 
than that in HA80 ones (shown in Fig. 3), we compared the measured 
second cycle MSIs of HA35 and FD samples with the predicted ones 
based on two-phase system and mixed system model, as shown in Fig. 4. 
We observe little difference between the predictive MSIs of the two 
systems. Similarly, when the relative humidity is lower than 70% (aw <

0.7), there is little difference in measured second-cycle MSIs between 
the HA35 and FD samples. 

However, at high relative humidity (aw > 0.7), the experimental data 
shows differences in water holding capacity (WHC) between HA35 and 
FD samples (shown in Fig. 1b right). This difference could be due to the 
variation in cell membrane integrity, in which intact cell membranes can 
restore the water holding in the vacuole and thus the turgor pressure via 
the stretching of the cell walls. Furthermore, we assume this stretching, 
which indicates elastic properties of samples, after the cell membrane 
restoration varies with different drying treatments. For example, during 
freeze-drying, cell walls are compacted firmly, leading to an increase in 
crosslink density and elasticity (Voda et al., 2012). Therefore, from the 
theoretical and experimental evaluation, we conclude that the state of 
cell membrane integrity mainly affects the moisture sorption of mush
room samples due to its contribution to water holding capacity. 

4.4. Effect of mechanical stress relaxation on MSI 

Mechanical stress within the matrix has been reported in studies 

Table 2 
Calculated interaction parameters of protein for shiitake mushroom.   

35 ◦C 50 ◦C 65 ◦C 80 ◦C 

χpro,w 1 0.800 0.800 0.809 1.103 
χpro,w 0.734 0.734 0.741 0.970  
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related to hydration (van der Sman et al., 2013b), and it is considered an 
important cause affecting the moisture sorption of samples at high water 
activities (Cornet et al., 2020; Hill et al., 2012; Paudel et al., 2015; Xie 
et al., 2011; Ying et al., 2013). (van der Sman et al., 2013b) presented 

the contributions from the elastic energy of the crosslinked network of 
cell wall materials to the hydration properties of carrots and mush
rooms, which follows the Flory-Rehner theory. Other researchers 
pointed out that the viscoelastic properties could affect the moisture 

Fig. 2. Predictions and experimental data of sorption isotherms for HA35 and HA80 dried mushroom powders at 25 ◦C.  

Fig. 3. TEM of mushroom samples (a: fresh mushroom; b: HA35 dried powder; c: HA80 dried powder; d: FD dried powder).  
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sorption via the stress relaxation (Champion et al., 2011; Hill and Xie, 
2011; Oliver and Meinders, 2011; van der Sman and Meinders, 2011). 
Note that there can still be differences in moisture sorption if differences 
exist in pure elastic properties. Gels with different degrees of crosslinks 
will give a difference in moisture content at the same water activity, as 
described by Flory-Rehner theory. Therefore, the pure elastic properties 
should also be considered as equilibrium properties. 

Many cellular food materials exhibit viscoelastic properties, such as 
strawberries, carrots, and apples, whose mechanical properties have 
been shown to be moisture and temperature-dependent (Mahiuddin 
et al., 2018; Ozturk, Oguz K. and Takhar, Pawan S., 2019a; Ozturk, Oguz 
Kaan and Takhar, Pawan Singh, 2019b). We note there is an interaction 
between water holding capacity, mechanical stress and cell membrane 
integrity. The cell wall can be considered a biopolymer network, and it 
provides structural rigidity under turgor conditions (Doulia et al., 2000; 
Veytsman and Cosgrove, 1998). At high aw, solutes in the vacuole attract 
water, and the volume expansion stretches the cell wall, rendering the 
turgor pressure (Veytsman and Cosgrove, 1998). The high turgor pres
sure makes the cell wall stretch, rendering high tensile stress due to 
cellulosic fibers. A requirement for maintaining the turgor pressure is 
the integrity of the cell membrane, which inhibits solutes from diffusing 
out from the vacuole. When the cell membrane of samples remains intact 
after drying, the vacuole will grow after absorbing water (rehydration or 
sorption) and the turgor recovers, and the cell wall will be stretched 
again, resulting in the rebuilt-up of stress and structural integrity. 
However, suppose the cell membrane integrity is lost during drying, the 
solute will diffuse out of the vacuole during rehydration (Gekas et al., 
1993), and the cell wall will not be stretched, thus without stress build 
up. 

Hence, studying the viscoelastic properties of the cellular food ma
trix, which can also be caused by the cell membrane integrity change, 
provides valuable insights into its possible influence on MSI variations 
due to different processing histories. 

4.4.1. Overshoot during dynamic vapor sorption 
The occurrence of mechanical stress relaxation during moisture 

sorption of mushrooms is evident by the presence of overshoot in the 
dynamic responses, as measured by DVS (Oliver and Meinders, 2011). In 

Fig. 5 we use HA35 dried mushrooms as an example and display typical 
dynamic moisture sorption curves obtained by DVS. The curve shows the 
sample weight varies with the environmental RH as a function of time. 
During the first cycle of moisture sorption measurement, several samples 
exhibit overshoots, i.e. the sample weight shows an initial increase while 
decreasing at a later stage, as depicted with the subgraphs in Fig. 5a. 
Similarly (Oliver and Meinders, 2011), also observed overshoots during 
the moisture sorption of gluten and starch films. They attributed it to the 
viscoelastic relaxation of the biopolymers. However, during the second 
cycle of sorption-desorption, the overshoots and the hysteresis disappear 
(as shown in the subgraphs of Fig. 5b and in Fig. 1b). Also, for the 
mushrooms, we assume the overshoot (and hysteresis reduction) is due 
to the stress relaxation during each RH step. At the end of the first 
sorption cycle, T > Tg, the sample eventually completes the relaxation of 
the stresses, leading to the absence of overshoots during the second 
cycle. Below, we will show experimentally that mushrooms indeed 
exhibit viscoelastic properties, enabling stress relaxation. 

4.4.2. Viscoelastic properties of mushrooms with different moisture contents 
Since the viscoelastic property at the length scale of mushroom 

powder (micron scale) is hard to measure, we take a convenient way to 
measure the stress relaxation of mushroom powder via the compression 
and stress relaxation test on cylindrical mushroom samples. As shown in 
Fig. 6, we examined the viscoelastic properties of cylindrical mushroom 
samples with different moisture contents obtained during hot air drying 
at 35 ◦C and 80 ◦C. It shows that the stress-time curve mainly consists of 
two phases: compression and stress relaxation. During compression, all 
samples showed an increase in stress until the compression reached the 
expected strain. Subsequently, the stress gradually decreases over time 
in the relaxation phase, while holding the sample at the defined strain. 
This relaxation phase indicates the viscoelastic (stress relaxing) property 
of mushrooms. 

In this study, we are mainly concerned about the initial and residual 
stress and the relaxation time (distribution) of cylindrical mushroom 
samples during the stress relaxation phase. It shows that all these pa
rameters vary with moisture content. We observe decreasing initial 
stress in the range of moisture content (MC) larger than 0.91 g/g (d.b.) 
for HA35, and MC larger than 0.64 g/g (d.b.) for HA80. However, for 

Fig. 4. Predictions and experimental data of sorption isotherms for HA35 and FD dried mushroom powders at 25 ◦C.  
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smaller MC the initial stress increases again. A similar initial decrease of 
stress (relaxation modulus) was also found for apples, strawberries, and 
carrots using similar compression tests (Mahiuddin et al., 2018; Ozturk, 
Oguz K. and Takhar, Pawan S., 2019a; Ozturk, Oguz Kaan and Takhar, 
Pawan Singh, 2019b). Besides, it was also observed that the stress of 
carrots (relaxation modulus) increased again at low moisture contents. 
This range was not measured for strawberries or apples. The initial 
decrease of stress/relaxation modulus could be attributed to the turgor 
loss. The latter can be either due to the rupture of the cell membrane (as 
in the case of HA80), or the loss of stretching in the cell wall and possible 
plasmolysis (without rupture of the cell membrane, as in the case of 
HA35) (Prawiranto et al., 2018). This leads to the softening of the 
structure and the lowering of the stress levels (Ozturk, Oguz K. and 
Takhar, Pawan S., 2019a). However, when the moisture contents of 
mushrooms drop below 0.91 g/g (d.b.), the stress increases, which can 

be attributed to the loss of the plasticization action of water of the cell 
wall material, similar to those studies given by (Ozturk, Oguz K. and 
Takhar, Pawan S., 2019a). 

4.4.3. Stress relaxation effect on MSI interpreted with viscoelasticity 
The response of mushrooms in the stress relaxation phase cannot 

simply be described with a single relaxation-time Maxwell model, as 
evident by the long tailing of the stress relaxation. As indicated by the 
use of the fractional derivative model by (Mahiuddin et al., 2018), there 
is a distribution of relaxation times. A fractional derivative model can be 
approximated by the stretched relaxation model Eq. (17). A detailed 
exposition of fractional viscoelastic models can be referred to (Katicha 
and Flintsch, 2012; Mainardi and Spada, 2011). The fitting plots of 
stress-time curves during the relaxation phase fitted with the stretched 
exponential model are shown in Figs. S2–4. The values of σ0 , τ, β, σ∞ are 
given in Table 3, which were averaged from the fitting of stress-time 
curves with the stretched exponential model. 

Fig. 5. The kinetic data obtained during the first (a) and second cycle (b) MSI 
measurements for HA35 dried mushroom powder. 

Fig. 6. Stress relaxation curves of cylindrical mushroom samples with different 
moisture contents during HA35 and HA80 drying. 
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The initial stress (σ0) and residual stress (σ∞) during the compression 
phase of samples treated by HA35 and HA80 present the same trend as 
illustrated in 4.4.2. According to (Rathinaraj et al., 2022), the value of 
fractional order (similar to β) of about 0.3 indicates a broad distribution 
of relaxation times, meaning that some fraction of the stress takes a very 
long time to relax, as indicated by the long tailing in the stress relaxa
tion. The power (β) of stretched exponential for most samples is quite 
similar, although these samples show different moisture content. This is 
consistent with similar exponents of the fractional model from the study 
conducted by (Mahiuddin et al., 2018). In theory, one can expect that 
both powers are similar for different moisture contents and tempera
tures. The residual stresses σ∞, which will not relax, remain to give an 
elastic contribution to the chemical potential. 

There are two kinds of elastic contributions in the moisture sorption 
of food. The first case is when the food material is in a glassy state, it has 
become elastic, with a prolonged structural relaxation time. Hence, it 
behaves as an elastic solid. Traditionally, this elastic contribution is 
described by the Free Volume extension of the FH theory, but it might 
also be replaced by a description similar to Flory-Rehner. The Leibler- 
Sekimoto model is an example of such a model that takes the elastic 
contribution of the glassy state into account (Leibler and Sekimotot, 
1993). The second case is when the food material consists of a 
cross-linked biopolymer network in the rubbery state. Its moisture 
sorption/water holding behaviour is described by the Flory-Rehner 
theory, which is another extension of the FH theory (van der Sman 
et al., 2013a). Flory -Rehner theory learns that elastic stresses need to be 
accounted for in the chemical potential of water (Gosline, 1978; van der 
Sman, 2012): 

Δμw poly =Δμw,mix+Δμw,elastic = νw( − Πmix +Πelastic)

with νw the molar volume of water. The last term equals the elastic 
stress: 

Πelastic = σ 

Initially, Flory-Rehner theory assumes a purely elastic material at 
large deformations. Mushrooms are viscoelastic materials as illustrated 
above, indicating the exist of elastic stress contribution to the moisture 
sorption. Hence, the above equation for the chemical potential of water 
still holds. However, based on the viscoelastic properties of mushrooms 
shown in study, we assume the stress relaxation effect on MSI should be 
coupled to the FH theory with a viscoelastic model, like the (general
ized) Maxwell model that can describe the stress relaxation with time 
and has a distribution of relaxation times. The elastic modulus and 

relaxation time are, in general, temperature and moisture dependent as 
shown above. Furthermore, the generalized Maxwell model would need 
adaption to large deformations (van der Sman, 2015). 

5. Conclusion 

Different drying treatments (HA35, HA80, and FD) performed on 
mushrooms have led to different moisture sorption characteristics of 
dried mushroom powder, like the variation of hysteresis between the 
sorption and desorption branches of the isotherm. Hysteresis was 
reduced when the powdered dried mushroom samples were subjected to 
a second sorption-desorption cycle. Similar to (Oliver and Meinders, 
2011), we pose that the hysteresis reduction is caused by the viscoelastic 
relaxation of the stress, that was built up during the drying treatments. 
We showed that neither protein denaturation nor cell membrane 
integrity significantly affect hysteresis. Retention of cell membrane 
integrity did influence the moisture sorption of dried mushroom samples 
in the high RH range, where it influences WHC. Furthermore, it helps 
restore turgor, and improved rehydration of mildly dried products, as 
shown in our previous study (Hu et al., 2021, 2022). Hence, retention of 
cell membrane integrity should be considered when designing drying 
systems for products aiming at high-volume recovery after rehydration. 
Severe drying conditions as HA80 lead to compacted cellular tissues, 
with high levels of stresses locked in after drying. The stress will relax 
away slowly, inhibiting restoration of initial microstructure during 
rehydration (Ho et al., 2013; Voda et al., 2012). For a quantitative 
description of drying processes, aimed at their design or optimization, 
one should incorporate the build-up of mechanical stresses due to the 
shrinkage of food materials during drying, their viscoelastic relaxation, 
and the inclusion of elastic stresses in driving forces of moisture sorp
tion. This can be accomplished by modeling the stress via integration of 
the momentum balance, coupled to a viscoelastic constitutive model 
(generalized Maxwell) for the stress, and inclusion of this 
time-dependent stress in the Flory-Rehner theory, rendering the driving 
force for moisture transport (i.e. chemical potential of water). 
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Table 3 
Elastic modules and parameters obtained from the fitting curves at different moisture contents (drying at 35,80 ◦C).  

Samples Moisture content 
Mc (d.b.) 

Initial stress 
σ0 (kPa) 

Relaxation time 
τ (s) 

Power 
β 

Residual stress 
σ∞ (kPa)

Coefficient of determination 
R2 

Root Mean Square Error 
RMSE 

Fresh 6.46 
±0.23 

61.23 
±4.35d 

3.36 
±0.048cd 

0.56 
±0.032a 

41.31 
±15.89c 

0.9987 0.1141 

HA 
35 

2.58 
±0.32 

36.17 
±0.3d 

12.5 
±0.0089f 

0.31 
±0.056b 

17.06 
±2.15d 

0.9988 0.08623 

0.91 
±0.14 

12.86 
±2.43d 

2.17 
±0.061c 

0.25 
±0.0029b 

4.83 
±0.81e 

0.9928 0.07985 

0.38 
±0.031 

49.17 
±6.59c 

0.78 
±0.051a 

0.3 
±0.001b 

12.52 
±1.12de 

0.9840 0.5430 

0.2 
±0.032 

274.62 
±19.83a 

1.45 
±0.029c 

0.26 
±0.0037b 

86.19 
±7.42b 

0.9912 2.0578 

HA 
80 

3.08 
±0.081 

22.32 
±4.95d 

15.8 
±0.079f 

0.36 
±0.28 ab 

10.47 
±3.42de 

0.9998 0.02072 

1.8 
±0.1 

11.86 
±2.37d 

9.09 
±0.023ef 

0.25 
±0.053b 

4.79 
±1.00e 

0.9976 0.039 

0.64 
±0.04 

9.35d 

±2.92d 
5.00 
±0.047de 

0.25 
±0.0071b 

3.6 
±0.37e 

0.9977 0.0310 

0.17 
±0.03 

377.09 
±0.72b 

1.35 
±0.086b 

0.21 
±0.022b 

267.37 
±18.77a 

0.9843 1.31 

Values are mean ± standard deviation, values in the same column followed by different superscript letters are significantly (p < 0.05) different. 
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