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ent enhancement of edible
mushrooms via boiling and gastrointestinal
simulation

Si Qin,a Sunantha Ketnawa b and Nattaya Konsue *bc

This study investigated the impact of boiling and in vitro gastrointestinal digestion on the nutritional

properties of seven commercially available mushroom species: Volvariella volvacea, Lentinus polychrous,

Lentinus squarrosulus, Pleurotus ostreatus, Astraeus odoratus, Lentinula edodes, and Auricularia auricula-

judae. Boiling altered the mushroom microstructure, enhancing the release of nutrients and bioactive

compounds. It increased crude protein (5–35%), amino acids (3–75%), minerals (3–30%), and phenolic

compounds (1–2-fold), though the effects varied by species. A. odoratus showed the highest crude

protein content (37.30%), while A. auricula-judae demonstrated the highest nutrient bioaccessibility

during digestion. V. volvacea exhibited the greatest amino acid content (74.50 mg g−1). Simulated

digestion further improved amino acid and phenolic availability. L. edodes and A. auricula-judae

exhibited the highest phenolic bioaccessibility, likely due to lower dietary fiber. Boiling increased the total

phenolic and flavonoid content in A. odoratus, suggesting the presence of heat-resistant polyphenols,

but led to reductions in other species due to leaching. Antioxidant activity, assessed by DPPH and FRAP

assays, increased after digestion across all species. Boiling enhanced antioxidant activity in A. odoratus

and A. auricula-judae, likely due to stable compounds such as b-glucans and ergothioneine. Correlation

analysis identified total phenolic content as the primary contributor to antioxidant potential, while

flavonoid effects varied. These findings underscore the role of mushrooms as sustainable, nutrient-rich

foods. Their efficient growth on low-input substrates and improved functionality through processing

support their use in plant-based diets, meat analogues, and nutritional supplements for sustainable food

system innovation.
Sustainability spotlight

This investigation promotes sustainable food systems by improving the bioaccessibility and nutritional value of edible mushrooms, which are fast-growing, low-
impact crops that are cultivated on agro-waste. The work promotes the development of eco-efficient, plant-based protein alternatives by illustrating enhanced
protein, amino acid, and mineral content through straightforward thermal processing. By fostering resource-efficient food innovation that reduces dependence
on animal-derived proteins and mitigates environmental impact, these ndings directly contribute to the United Nations sustainable development goals,
particularly goal 2 (zero hunger), goal 12 (responsible consumption and production), and goal 13 (climate action). This research emphasizes the signicance of
mushrooms in the provision of sustainable, scalable nutrition to a burgeoning global population.
Introduction

Edible mushrooms are increasingly valued for their combined
nutritional, functional, and environmental benets. They are
naturally low in fat and digestible carbohydrates, while offering
high-quality protein, dietary ber, essential amino acids, vita-
mins, and minerals. Moreover, mushrooms are known for their
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rich content of bioactive compounds including b-glucans,
avonoids, phenolics, and complex polysaccharides, which
have been associated with antioxidant, immunomodulatory,
anti-inammatory, hypoglycemic, and antitumor activities.1–3

Several edible species, particularly Lentinula edodes, Pleurotus
ostreatus, and Auricularia auricula-judae, are extensively docu-
mented in medicinal mushroom studies for their health-
promoting effects. These include immunomodulatory, anti-
tumor, hepatoprotective, hypoglycemic, and neuroprotective
activities, which are primarily attributed to their content of
polysaccharides (especially b-glucans), terpenoids, and
phenolic compounds.4,5 For example, L. edodes produces len-
tinan, a well-characterized b-glucan with proven
© 2025 The Author(s). Published by the Royal Society of Chemistry
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immunomodulatory and antitumor effects, while P. ostreatus
and A. auricula-judae exhibit antioxidant, anti-inammatory,
and metabolic regulatory properties.4–6

Beyond their nutritional value, mushrooms are environ-
mentally efficient to cultivate. They require minimal land, grow
rapidly, and thrive on agricultural or industrial waste
substrates, reducing food system waste and resource use.
Compared to animal-based proteins, mushroom production
generates signicantly lower greenhouse gas emissions and
conserves water and energy, making it an attractive option for
sustainable protein development.1,2 As global interest in
reducing reliance on meat intensies, mushrooms are gaining
recognition as functional, scalable alternatives in meat
analogues, nutritional supplements, and health-focused foods.

Ng and Rosman7 found that in vitro digestion, when
combined with domestic cooking (boiling, steaming, micro-
waving, and pressure-cooking), enhanced total antioxidant
activity and carbohydrate-digestive enzyme inhibitory potential
in various mushrooms, including L. edodes and Pleurotus sajor-
caju. Similarly, Soler-Rivas et al.8 demonstrated that while water-
soluble antioxidants in Agaricus bisporus, L. edodes, and Boletus
edulis were impacted by cooking, intestinal digestion increased
their antioxidant capacity, and the Caco-2 cell model conrmed
partial absorption and transformation of those antioxidants.
More recently, Zeng et al.9 evaluated six cooking methods on L.
edodes, showing that boiling and steaming reduced some
nutrients, yet roasting improved amino acid bioaccessibility
during simulated digestion, and cooking methods inuenced
antioxidant retention. While these studies offer valuable
insights, comparative evaluations across multiple species,
particularly those relevant to Southeast Asia, remain limited.
Moreover, most existing work has focused on antioxidant
metrics and enzyme inhibition; comprehensive analyses of
protein quality, mineral bioaccessibility, microstructure, and
other nutritional parameters across digestion remain rare.

In real-world contexts, mushrooms are consumed as food
rather than medicine. Thus, understanding how cooking
methods like boiling, combined with gastrointestinal digestion,
affect their nutritional and functional properties is essential for
optimizing their role in sustainable diets—without overstating
therapeutic potential.

Boiling is one of themost widely used culinary and industrial
processing methods for mushrooms. It can result in the loss of
water-soluble nutrients through leaching and heat degradation,
but it may also improve the release and bioaccessibility of
certain nutrients and bioactives by disrupting the mushroom's
cell wall and soening the matrix.3 These effects are highly
species-specic and can either enhance or reduce the nal
nutritional quality.

One important factor that determines the nutritional impact
is bioaccessibility, which is the fraction of nutrients that are
liberated from the food matrix and may be absorbed aer
digestion.6 Evaluating only nutrient content before and aer
cooking does not capture the complete picture. In particular,
protein quality and digestibility can vary considerably with
species and processing conditions, affecting the role of
© 2025 The Author(s). Published by the Royal Society of Chemistry
mushrooms as a viable, sustainable protein source in plant-
based food development.

This study examined the effects of boiling and simulated
gastrointestinal digestion on seven commercially cultivated
mushroom species in Thailand: Volvariella volvacea, Lentinus
polychrous, Lentinus squarrosulus, Pleurotus ostreatus, Astraeus
odoratus, Lentinula edodes, and Auricularia auricula-judae.
Nutritional parameters (crude protein, amino acids, and
minerals), bioactive compounds (total phenolic and avonoid
content), antioxidant activities (DPPH and FRAP), and micro-
structural changes were analyzed before and aer digestion. By
highlighting species-specic differences in nutrient retention
and bioavailability, the ndings support the strategic use of
mushrooms as nutrient-rich, environmentally sustainable
components in next-generation plant-based foods.

Experimental
Samples and reagents

Freshmushrooms, including V. volvacea (paddy strawmushroom
or straw mushroom), L. polychrous, L. squarrosulus, P. ostreatus
(oyster mushroom), A. odoratus (barometer earthstars, hygro-
scopic earthstar, false earthstar), L. edodes (shiitake mushroom),
and A. auricula-judae (Jew's ear, wood ear, and jelly ear) were
selected for their nutritional value, widespread popularity, and
well-documented health-promoting properties, as illustrated in
Fig. 1. These species are commonly consumed and recognized in
various regions, making them relevant for evaluating their
potential functional or nutraceutical applications. The fresh
mushrooms were purchased from the local market in Chiang Rai,
Thailand. Pancreatin from porcine gastric mucosa (activity of
800–2500 U mg−1 of protein, Sigma P-3292), pepsin from porcine
gastric mucosa (Sigma P-7012), pancreatin from porcine pancreas
(4xUSP), amyloglucosidase (activity of 3260 U mL−1), and inver-
tase (activity $300 U mg−1) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Amyloglucosidase (AMG) was purchased
fromMegazyme International Ireland Ltd. (Wicklow, Ireland). All
other chemicals used were of analytical grade.

Preparation of raw and boiled mushroom samples

Fresh mushrooms (200 g) were washed using tap water and
patted dry using a kitchen paper towel. Aer that, the washed
samples were packed in low-density polyethylene (LDPE) plastic
zip-lock bags. The samples were categorized as “raw” for
untreated specimens. For the boiled samples, 200 g of fresh
mushrooms were thoroughly washed and then cooked in
boiling water at 100 °C for 10 minutes, using a mushroom-to-
water ratio of 1 : 10.10 Boiled samples were drained, cooled
down, and pat-dried using a kitchen paper towel. Aer that, the
boiled samples were packed in LDPE plastic zip-lock bags and
labeled as ‘boiled’.

Preparation of dried mushroom powder and freeze-dried
mushroom

Mushroom samples were sliced into 1 cm pieces and dried
overnight at 60 °C in a tray dryer until the moisture content was
Sustainable Food Technol., 2025, 3, 2052–2065 | 2053
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Fig. 1 Seven commercial edible mushrooms in Thailand.
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reduced to below 10 wt%. The dried mushrooms were then
ground into a ne powder using a blender, sealed in airtight
plastic bags, and stored at room temperature prior to analysis of
free amino acid composition and mineral prole.

Both raw and boiled mushroom samples were collected
before and aer in vitro gastrointestinal digestion and imme-
diately frozen at −40 °C overnight. The samples were then
freeze-dried using a laboratory lyophilizer (CHRIST, Osterode
am Harz, Germany) set to a condenser temperature of −80 °C
and a vacuum pressure of 0.1 mbar until completely dried. All
freeze-dried samples were vacuum-sealed in polyethylene bags,
stored at −40 °C, and labeled as “lyophilized” for subsequent
protein content and microstructure analyses.
Determination of in vitro protein digestibility and
bioaccessibility of nutrients

The estimation of protein contents in lyophilized samples
before and aer in vitro gastrointestinal digestion was per-
formed by the Kjeldahl method.11 The percent in vitro protein
digestibility was calculated according to the following formula:

In vitro protein digestibility ð%Þ ¼ P0 � P1

P0

� 100 (1)

P0 = protein content of the sample before digestion.
P1 = protein content of the sample aer digestion.
The estimation of bioaccessibility (%) of total amino acid

content and total mineral content in raw and boiled mushroom
samples was calculated using the following formula:12

Estimated bioaccessibility ð%Þ ¼
Content in digestion extract

Content in non-digested sample
� 100 (2)
2054 | Sustainable Food Technol., 2025, 3, 2052–2065
Microstructure analysis of mushrooms

Lyophilized mushroom samples were attached onto aluminum
stubs using a conductive carbon adhesive tape, vacuum-dried,
and coated with gold. The mushroom surface morphology was
studied using a eld emission scanning electron microscope or
FESEM (MIRA, Tescan, Czech Republic) at a magnication of
500× and a distance of 9.0–10.0 mm using an accelerating
voltage of 5 keV.
Determination of bioactive compounds

Total phenolic content (TPC). The total phenolic content
(TPC) of samples was determined using the Folin–Ciocalteu
assay, following a previously described method.13 A 0.5 mL
sample aliquot was combined with 2.5 mL of 10% (v/v) Folin–
Ciocalteu reagent, followed by the addition of 2.0 mL of 7.5%
(w/v) sodium carbonate (Na2CO3). The mixture was thoroughly
mixed and incubated at room temperature for 1 hour. The
content was mixed, transferred to a 96-well plate, and absor-
bance was recorded at 765 nm using a microplate reader
(Thermo Fisher Scientic, Multiskan GO, Finland). Gallic acid
was used as the standard, while distilled water served as the
blank. The total phenolic content was expressed as milligrams
of gallic acid equivalent (GAE) per gram of dried sample.

Total avonoid content (TFC). The total avonoid content
(TFC) was determined using the aluminum chloride colori-
metric method, following the method described previously.14 A
1 mL sample aliquot was combined with 4 mL of distilled water,
followed by 0.30 mL of 5% sodium nitrite (NaNO2). The mixture
was le to stand at room temperature for 5 minutes, and then
0.30 mL of 10% aluminum chloride (AlCl3) was added. Aer
another 5 min, 2 mL of 1 M sodium hydroxide (NaOH) was
added. The nal volume was adjusted to 10 mL with distilled
water. The content wasmixed, transferred to a 96-well plate, and
absorbance was recorded at 510 nm using a microplate reader
© 2025 The Author(s). Published by the Royal Society of Chemistry
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(Thermo Fisher Scientic, Multiskan GO, Finland). The total
avonoid content was calculated and expressed as quercetin
equivalents (QE) per gram of dried sample.

Determination of antioxidant activities
DPPH radical scavenging activity. The antioxidant activity of

dried samples was evaluated using the DPPH (1,1-diphenyl-2-
picrylhydrazyl) radical scavenging assay, following the method
described.13 A 50 mL sample aliquot was mixed with 1.95 mL of
60 mM DPPH solution and incubated in the dark at room
temperature for 30 min. The content was mixed, transferred to
a 96-well plate, and absorbance was measured at 517 nm using
a microplate reader (Thermo Fisher Scientic, Multiskan GO,
Finland). Trolox was used as the standard, while methanol
served as the blank. The radical scavenging activity was reported
as micromoles of Trolox (TE) equivalent per gram of dried
sample.

Ferric reducing antioxidant power (FRAP). The ferric reducing
antioxidant power (FRAP) assay was performed.13 The FRAP
reagent was freshly prepared by mixing a 300 mM acetate buffer
(pH 3.6), 10 mM 2,4,6-tripyridyl-s-triazine (TPTZ) in 40 mMHCl,
and 20 mM FeCl3 in a 10 : 1 : 1 (v/v) ratio. A 0.4 mL sample
aliquot was added to 2.6 mL of the FRAP reagent and incubated
at 37 °C for 30 minutes. The content was mixed, transferred to
a 96-well plate, and absorbance was measured at 595 nm using
a microplate reader (Thermo Fisher Scientic, Multiskan GO,
Finland). Ferrous sulfate (FeSO4) was used as the standard, and
distilled water served as the blank. The ferric reducing antiox-
idant power was expressed as micromoles of FeSO4 equivalent
per gram of dried sample.

Mineral prole. The mineral proles of raw and boiled
mushroom ethanolic extracts, as well as raw and boiled in vitro
digested mushroom samples, were analyzed using an Induc-
tively Coupled Plasma Triple-Quadrupole Mass Spectrometer
(ICP-MS/MS, Agilent Technologies, 8900 Triple Quadrupole ICP-
MS), following the method of López et al. (2024) with slight
modications.15 Approximately 0.3 g of lyophilized mushroom
(LM) powder was accurately weighed into Teon cylindrical
tubes. To each sample, 9 mL of concentrated Suprapur® grade
HNO3 (>69% purity) and 1 mL of concentrated Suprapur® grade
HCl (>36% purity) were added. The digestion was carried out
using a microwave digestion system (Milestone ETHOS UP,
Milestone Srl, Via Fatebenefratelli, Italy) at 200 °C (1800 watt)
for 15 minutes. Aer digestion, the samples were cooled for 20
minutes and diluted to a nal volume of 50 mL with deionized
water in volumetric asks. ICP-MS/MS analysis was performed
under the following operating conditions: no gas mode;
hydrogen ow rate of 7.0 mL min−1; helium ow rate of 5.0 mL
min−1; nebulizer gas ow of 0.80 L min−1; and RF power of
1550 W.

Amino acid composition analysis. Mushroom extracts were
subjected to acid hydrolysis before analysis, following the
method of Al Azad and Ping (2021).16 Specically, 0.2 g of dried
mushroom powder was hydrolyzed with 8 mL of 6N HCl at 110 °
C for 24 hours. Aer hydrolysis, the samples were diluted to 25
mL with distilled water. The amino acid proles of both raw and
boiled mushroom ethanolic extracts, as well as raw and boiled
in vitro digested mushrooms (without acid hydrolysis), were
© 2025 The Author(s). Published by the Royal Society of Chemistry
analyzed using a Liquid Chromatography Triple Quadrupole
Mass Spectrometry (LC-QqQ) system equipped with a binary
pump and auto sampler, coupled to a Nexera LCMS-8060 system
(Shimadzu, Japan). The sampling speed was set to 5.0 mL s−1

with a sample injection volume of 1 mL. The mobile phase
consisted of 0.1% formic acid in water (solvent A) and 0.1%
formic acid in acetonitrile (solvent B).

In vitro gastrointestinal digestion. The in vitro gastrointestinal
digestion was carried out following the protocol outlined by
Tamura et al.17 Mushroom samples (both raw and cooked) were
cut into small pieces and homogenized using a kitchen blender
before being subjected to the assay. Approximately 30 g of
blended mushroom was combined with 140 g of distilled water
in a 600 mL digestion chamber equipped with a thermometer
and pH meter. The chamber was placed in a water bath set to
maintain the temperature at 37 °C throughout the digestion
process. The pH was rst adjusted to 1.20 using varying
concentrations of HCl (1 M, 3 M, and 6 M) to simulate gastric
conditions. The gastric phase was initiated by adding 19 mL of
pepsin solution (prepared by dissolving 0.0912 g of pepsin in
gastric uid buffer), and the pH was maintained at 1.20
throughout this stage. Aliquots were collected at 30, 60, 90, and
120 minutes during gastric digestion. To terminate the gastric
phase, the pH was increased to 6.80 using NaOH (1 M, 3 M, and
6 M).

The intestinal phase was then initiated by adding 23 mL of
intestinal enzyme solution, which consisted of 0.184 g pancre-
atin from porcine pancreas, 0.0138 g invertase and 3.68 mL
amyloglucosidase in intestinal uid buffer. Samples were
collected at 0, 30, 60, 90, and 120 minutes for both the gastric
and intestinal stages. All samples were centrifuged at 10 000×g
for 5 minutes, and the supernatant aliquots were collected for
further analysis.

Additional mushroom samples were collected before and
aer in vitro gastrointestinal digestion, frozen at −40 °C over-
night and subsequently freeze-dried using a laboratory lyophi-
lizer as previously described. The freeze-dried samples were
stored in an electronically controlled humidity cabinet until
further analysis, including scanning electron microscopy
(SEM), protein quantication, and calculation of protein
digestibility.

Statistical analysis. All tests were conducted in triplicate and
presented as means± standard deviation (SD). The results were
subjected to a one-way analysis of variance (ANOVA) at a 95%
signicance level using IBM SPSS Statistics 26. The signicance
of the difference in data was determined using Tukey's HSD
range test. Pearson's correlation matrix analysis at condence
levels of 99% and 95% was performed.

Results and discussion
Microstructural changes of raw and boiled mushrooms before
and aer in vitro gastrointestinal digestion

Fig. 2 illustrates SEM images (500× magnication) of the
microstructures of the seven mushroom species aer boiling
and simulated gastrointestinal digestion. Visual inspection
indicates that boiling and digestion visibly alter the structural
Sustainable Food Technol., 2025, 3, 2052–2065 | 2055
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Fig. 2 Scanning electron microscope (SEM) images (500× magnification) of microstructures in seven mushroom species: V. volvacea (A), L.
polychrous (B), L. squarrosulus (C), P. ostreatus (D), A. odoratus (E), L. edodes (F), and A. auricula-judae (G). Each species is shown under four
conditions: raw before digestion, raw after digestion, boiled before digestion, and boiled after digestion.

2056 | Sustainable Food Technol., 2025, 3, 2052–2065 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Total crude protein (a), total mineral content (b), and total
amino acid content (c) in raw and boiled samples of the seven
mushroom species, including their ethanolic extracts and the
amounts released after in vitro gastrointestinal digestion. The values
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integrity of all mushroom species, likely due to cell wall so-
ening, polysaccharide leaching, and protein denaturation.

Raw V. volvacea exhibited a relatively porous and hyphal
network (Fig. 2A), which appeared disrupted aer digestion.
Boiling reduced structural coherence, and digestion of the
boiled sample resulted in near-complete collapse of the visible
microstructure. Similar trends were observed in L. polychrous
and L. squarrosulus (Fig. 2B and C), where raw samples retained
mycelial networks, but digestion led to deformation. In L.
squarrosulus, more apparent surface voids appeared aer
digestion, while boiling further deteriorated the structure, likely
due to polysaccharide solubilization and hyphal shrinkage. P.
ostreatus showed a brous, porous structure in raw form
(Fig. 2D). Digestion led to denser aggregation, while boiling
elongated hyphae. Post-digestion of the boiled sample caused
structural collapse. A. odoratus displayed compact, low-porosity
morphology (Fig. 2E), which became more disrupted aer
digestion. Boiling produced a denser but disorganized struc-
ture, and digestion of the boiled sample caused further disin-
tegration. In L. edodes, a sponge-like, porous matrix was evident
(Fig. 2F). Digestion caused hyphal disorganization, while
boiling led to partial shrinkage and coarser surface textures
post-digestion. A. auricula-judae exhibited a smooth, attened
surface (Fig. 2G) with limited porosity in raw form. Digestion
appeared to increase visible structural discontinuities, while
boiling induced a brous structure that fragmented post-
digestion.

While these micrographs suggest the presence of altered
structural patterns such as fragmentation, hyphal disorganiza-
tion, and apparent voids, we acknowledge that these are qual-
itative observations. Quantitative analysis (e.g., porosity
measurements or image-based morphometry) was not per-
formed, and thus claims regarding porosity enhancement are
interpreted with caution.

Nonetheless, these ndings align with prior studies report-
ing microstructural damage from boiling, such as cell wall
rupture and polysaccharide solubilization.18,19 Further enzy-
matic degradation during digestion may contribute to hyphal
fragmentation and network disassembly, consistent with
previous reports.19,20 The presence of visibly altered structures—
particularly in species like L. squarrosulus, A. odoratus, and A.
auricula-judae—may reect carbohydrate content and ber
swelling, although these interpretations require further valida-
tion using objective structural metrics in future work.20,21
represent the mean and standard deviation (n = 3). One-way ANOVA,
followed by the Tukey's HSD range test. Small letters indicate
significant differences between samples within the same treatment
(p < 0.05).
Impact of boiling

Impact of boiling on crude protein content. Fig. 3a depicts
the protein content of both raw and boiled mushroom samples
on a dry matter (DM) basis. Among the raw samples, protein
content decreased in the following order: A. odoratus (37.30%) >
L. squarrosulus (34.95%) > V. volvacea (34.82%) > L. polychrous
(31.40%) > P. ostreatus (24.56%) > L. edodes (23.90%) > A.
auricula-judae (14.70%). No signicant differences (p > 0.05)
were observed between the protein contents of raw V. volvacea
and L. squarrosulus or between P. ostreatus and L. edodes. These
values are generally higher than those reported in previous
© 2025 The Author(s). Published by the Royal Society of Chemistry
studies, which found protein contents of V. volvacea (28.1–
30.1%), L. polychrous (18.8%), L. squarrosulus (25.7–30.12%), P.
ostreatus (10.09–22.74%), A. odoratus (10.17–13.1%), L. edodes
(13.4–20.8%), and A. auricula-judae (8.1–9.21%).22–25 Similarly,
Cuptapun and colleagues reported protein contents of P.
ostreatus as 19.59% and L. edodes as 24.68% in Thailand-grown
samples.26
Sustainable Food Technol., 2025, 3, 2052–2065 | 2057

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fb00346f


Sustainable Food Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 2

/2
7/

20
26

 5
:2

7:
59

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Boiling signicantly reduced the crude protein content in all
seven studied mushroom species, with losses ranging from 5%
to 35%, as shown in Fig. 3a. The smallest reduction was
observed in A. odoratus (5.44%), while the greatest was recorded
in V. volvacea (34.72%). This decline may be attributed to the
solubilization and leaching of nitrogenous compounds and
minerals during the boiling process.27 A comparable trend was
noted by Nie et al., who reported a 9.3% reduction in protein
content for L. edodes which lower than the 14.89% observed in
our study.18

The effect of boiling on crude protein content was relatively
modest in A. odoratus and L. edodes (both <15%). In the case of
A. odoratus, this could be attributed to its high total dietary ber
and glucan content (77.1 g/100 g DM and 26.1 g/100 g DM,
respectively), which may help preserve protein during cooking
by forming a rigid cell matrix.25 Additionally, L. edodes is known
to have a high proportion (approximately 90%) of water-insol-
uble proteins, which are less susceptible to loss during
boiling.28 Since boiling mainly affects water-soluble proteins,
peptides, and amino acids, most of the protein content in L.
edodes remained intact.

Impact of boiling on total mineral content. Fig. 3b presents
the total mineral content of both raw and boiled samples from
the seven mushroom species. Additionally, detailed informa-
tion on the macro- and trace mineral composition of ethanolic
extracts from raw and boiled mushrooms is provided in SI Table
S5. The total mineral content in ethanolic extracts (expressed in
mg g−1 dry matter) followed a consistent descending trend:
Volvariella volvacea (19.80) > Pleurotus ostreatus (14.86) > Lenti-
nus squarrosulus (14.63) > Lentinula edodes (10.58) > Lentinus
polychrous (7.22) > Astraeus odoratus (4.24) > Auricularia auricula-
judae (2.61). Ash content, which represents the inorganic
residue remaining aer complete combustion, is commonly
used as an indicator of total mineral content in food samples.
Nonetheless, it is important to note that mineral composition
can vary signicantly depending on factors such as geographic
origin, cultivation conditions, and substrate composition.29

Boiling led to a reduction in total mineral content ranging
from 3% to 30%. The smallest loss was observed in Lentinula
edodes, while Lentinus squarrosulus experienced the greatest
decrease. Aer boiling, the ranking of total mineral content (mg
g−1 DM) among the species was as follows: Volvariella volvacea
(14.33) > Pleurotus ostreatus (12.96) > L. edodes (10.26) > L.
squarrosulus (9.96) > Lentinus polychrous (6.21) > Astraeus odor-
atus (3.54) > Auricularia auricula-judae (2.32). In addition to the
overall reduction in mineral content, signicant losses were
recorded in individual macro- and trace elements, including
potassium, magnesium, calcium, manganese, iron, zinc,
copper, and selenium. These ndings suggest that boiling
promotes the leaching of minerals into the cooking water, as
detailed in SI Table S5. This trend is consistent with the nd-
ings of Lee et al. (2019), who investigated the effects of boiling
on L. edodes.30 Their study reported notable decreases in
potassium, magnesium, and phosphorus following boiling.

The observed reduction in both protein and mineral content
following boiling is primarily attributed to the diffusion of
minerals into the cooking water.31 This nding aligns with the
2058 | Sustainable Food Technol., 2025, 3, 2052–2065
previous work of R. Puupponen-Pimiä et al.,32 who reported that
mineral losses during cooking are due to leaching rather than
degradation. Interestingly, while boiling reduces mineral
content, it can also improve the nutritional quality of mush-
rooms by lowering levels of antinutritional factors. Traditional
cooking methods, such as boiling, are known to reduce
compounds like phytic acid, polyphenols, and certain bers
that bind minerals and limit their bioavailability.33 Therefore,
although boiling causes some mineral loss, it may enhance the
overall bioavailability of remaining minerals by decreasing the
impact of antinutrients and breaking down structural barriers
within the mushroom matrix.

Impact of boiling on total amino acid content. Fig. 3c
illustrates the total amino acid content of both raw and boiled
samples from the seven mushroom species, expressed in mg
g−1 dry matter (DM). Additionally, detailed proles of the
changes in essential and non-essential amino acid contents
between raw and boiled mushroom extracts are presented in SI
Tables S3 and S4, respectively. In the raw samples, the amino
acid content ranked as follows: Volvariella volvacea (74.50) >
Pleurotus ostreatus (63.67) > Lentinus polychrous (46.72) > L.
squarrosulus (43.62) > Lentinula edodes (37.85) > Astraeus odor-
atus (14.89) > Auricularia auricula-judae (6.00) (Fig. 3c).

The results of this study broadly align with previous ndings,
although reported amino acid values vary considerably
depending on mushroom species, cultivation conditions,
substrate composition, and analytical methodology on amino
acid quantication. For instance, total amino acid contents
have ranged from 4.4 mg g−1 in L. polychrous to over 100 mg g−1

in species such as P. ostreatus and L. edodes.26,34 Amino acids
contribute signicantly to the nutritional quality and charac-
teristic avor proles of mushrooms.2 These results highlight V.
volvacea and P. ostreatus as particularly rich sources of amino
acids, underscoring their potential as valuable dietary protein
supplements. Moreover, the species-specic differences in
amino acid composition may inform their selection for use in
functional food products or targeted nutritional applications.

Boiling signicantly reduced total amino acid content across
all species, with losses ranging from approximately 3% to 75%
(Fig. 3c, Tables S3 and S4). The smallest reduction was observed
in A. odoratus, while V. volvacea experienced the greatest loss.
Aer boiling, the ranking of total amino acid content changed
to: L. edodes (28.08) > L. polychrous (22.94) > V. volvacea (17.68) >
P. ostreatus (15.37) > A. odoratus (14.33) > L. squarrosulus (10.99)
> A. auricula-judae (2.43), as shown in Fig. 3c. The observed
reduction in amino acid content is consistent with prior studies
demonstrating that heat treatment can compromise the protein
structure and reduce amino acid retention. For instance, it has
been reported that free amino acids in L. edodes signicantly (p
< 0.05) decreased by 58.60% (from 5.03 to 2.09 mg g−1)
following boiling.18 In comparison, our study noted a 25%
reduction in total amino acids for the same species (from 37.85
to 28.08 mg g−1 DM). This decline is largely attributed to the
high water solubility of free amino acids, which are readily
leached into the cooking water during boiling. Consequently,
the consumption of mushroom broth may help recover some of
the lost amino acid content and enhance dietary intake.18
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Impact of in vitro digestion on crude protein content and
protein digestibility. The total crude protein content before and
aer in vitro gastrointestinal digestion, along with the estimated
protein digestibility (%) of both raw and boiled samples from
the seven mushroom species, is presented in Table 1 and SI
Table S1. In raw samples, protein digestibility ranged from
24.27% in V. volvacea to 50.71% in A. auricula-judae. Generally,
mushroom protein digestibility is reported to fall between 60%
and 70%.35 In this study, boiling enhanced digestibility across
all species, with values ranging from 52.93% (P. ostreatus) to
61.96% (A. auricula-judae), supporting the hypothesis that
thermal processing improves protein availability. L. edodes
showed relatively low digestibility (48.80%) even aer boiling,
likely due to its high content of water-insoluble proteins that
resist enzymatic breakdown.36 This is consistent with the study
by Cuptapun et al., who reported in vitro digestibility values of
62.41% for P. ostreatus and 63.69% for L. edodes—higher than
those observed in the current study.26 Such discrepancies may
stem from differences in experimental digestion models,
enzyme compositions, and calculation methods.

Protein digestibility is signicantly inuenced by the struc-
tural complexity of proteins and the accessibility of peptide
bonds for enzymatic hydrolysis. Proteins embedded within
complex matrices, such as polysaccharides, are less accessible
to digestive enzymes, leading to reduced digestibility.37 For
instance,20 L. squarrosulus exhibited a protein content of
30.84%, which decreased to 11.91% aer simulated intestinal
digestion, corresponding to a hydrolysis rate of 59.79%. In
contrast, our study found lower digestibility in raw L. squarro-
sulus (40.82%), which increased to 58.78% upon boiling. This
suggests that the structural matrix of the mushroom may
hinder enzymatic access to proteins, thereby affecting
digestibility.38

The presence of polysaccharides such as b-glucans in
mushroom cell walls can hinder protein digestion by increasing
gastrointestinal viscosity and forming glycoprotein complexes
that resist enzymatic breakdown.38 These interactions reduce
protein bioavailability. Additionally, the degree of hydrolysis
and type of protease used are key factors; endopeptidases, for
instance, enhance digestibility by producing smaller, absorb-
able peptides.39 Protease treatment, as shown in Pleurotus
eryngii, improves digestibility by increasing amino acid
release.38 Overall, protein digestibility in mushrooms is shaped
by structural complexity and polysaccharide interactions,
emphasizing the need for targeted processing strategies to
improve bioavailability.

Changes in mineral content and estimated bioaccessibility.
Table 1 and SI S1 present the total mineral content released
aer in vitro gastrointestinal digestion, along with the estimated
bioaccessibility percentages of raw and boiled mushroom
samples from the seven species. SI Table S5 provides detailed
proles of macro- and trace mineral constituents in both raw
and boiled mushroom extracts and digested liquids (mg g−1 dry
weight). The bioaccessibility of total minerals in raw mush-
rooms varied from 25.71% in Volvariella volvacea to 99.89% in
Auricularia auricula-judae. In boiled samples, bioaccessibility
2060 | Sustainable Food Technol., 2025, 3, 2052–2065
ranged from 21.08% in Lentinus squarrosulus to 110.40% in A.
auricula-judae (Table 1). Notably, A. auricula-judae exhibited
minimal mineral loss during boiling, maintaining stable bi-
oaccessibility despite its relatively low mineral content. In
contrast, L. squarrosulus demonstrated poor resistance to
boiling, resulting in the lowest bioaccessibility among the
boiled samples.

These variations highlight the complex interplay between
mushroom cell wall composition, the presence of anti-
nutritional factors, and mineral bioaccessibility. Poly-
saccharides, such as b-glucans and chitin, prevalent in
mushroom cell walls, can form complexes with minerals,
reducing their solubility and hindering enzymatic breakdown
during digestion.38 Additionally, compounds like phytic acid,
oxalic acid, and tannins can bind minerals, further decreasing
their bioavailability.33

Processing methods, including boiling, can inuence the
release of minerals from these complexes. For instance, boiling
may facilitate the leaching of minerals into the cooking water,
as observed in some species, while others may retain minerals
more effectively. Understanding these dynamics is crucial for
optimizing the nutritional value of mushrooms through
appropriate culinary practices. In summary, the bioaccessibility
of minerals in mushrooms is inuenced by their intrinsic
cellular structures and the presence of antinutritional factors.
Species-specic responses to processing methods underscore
the need for tailored approaches to enhance the nutritional
benets of edible mushrooms.

Changes in total amino acid content and estimated bi-
oaccessibility. Table 1 and SI S1 present the total mineral
content released aer in vitro gastrointestinal digestion, along
with the estimated bioaccessibility percentages of raw and
boiled mushroom samples from the seven species. SI Tables S3
and S4 provide changes in individual amino acid content.
Interestingly, the amino acid content in digested liquids was
higher than in undigested extracts, indicating effective protein
breakdown and absorption potential.

Proteolytic enzymes during digestion convert proteins into
smaller peptides and free amino acids, making them more
bioavailable.19 However, raw V. volvacea and P. ostreatus extracts
exhibited notable reductions in total amino acids aer diges-
tion, whereas other mushroom species showed an increase.
This discrepancy may be explained by the high mineral content
of V. volvacea and P. ostreatus, which likely facilitates peptide-
mineral complex formation during in vitro digestion. As
proteins are hydrolyzed into amino acids and peptides, some
exhibit strong metal-binding properties, particularly with iron,
leading to reduced free amino acid levels but improved mineral
bioavailability. The nitrogen of the 3-amino group from lysine
and the imidazole group from histidine play a crucial role in
chelation, while proline residues contribute to peptide folding,
although they do not participate directly in metal
complexation.40

Notably, the percentage bioaccessibility of total amino acids
during in vitro digestion was higher in boiled mushrooms than
in raw mushrooms, except for A. auricula-judae. Boiling mush-
rooms for 10 minutes generally enhanced amino acid
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Total phenolic content (TPC) (a), total flavonoid content (TFC) (b), DPPH radical scavenging activity (c), and ferric reducing antioxidant
power (FRAP) (d) in raw and boiled samples of the seven mushroom species during in vitro gastrointestinal digestion. The values represent the
mean and standard deviation (n = 3). One-way ANOVA, followed by the Tukey's HSD range test. Small letters indicate significant differences
between samples within the same treatment (p < 0.05).
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bioaccessibility during in vitro digestion, despite a reduction in
total amino acid content. This suggests that boiling facilitates
the release and absorption of amino acids by denaturing
proteins and increasing protease accessibility. However, exces-
sive boiling can lead to nutrient loss and reduced digestibility
due to protein aggregation and oxidation. For instance, studies
on A. bisporus and L. edodes have shown that boiling can
decrease free amino acid content, but the bioaccessibility of
© 2025 The Author(s). Published by the Royal Society of Chemistry
amino acids in the digestive tract may still improve due to better
protein breakdown and solubility.

Changes in bioactive compounds and estimated bi-
oaccessibility. The results for total phenolic content (TPC) and
total avonoid content (TFC) in the seven mushroom species
along with the estimated bioaccessibility percentages are pre-
sented in Fig. 4 and SI Table S2. In this study, raw V. volvacea
exhibited the highest total phenolic content (TPC) at 3.27 mg
Sustainable Food Technol., 2025, 3, 2052–2065 | 2061
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GAE/100 g DM followed by L. squarrosulus, L. polychrous, P.
ostreatus, A. odoratus, L. edodes, and A. auricula-judae. Upon in
vitro digestion, TPC increased signicantly, with L. squarrosulus
reaching 13.51 mg GAE/100 g DM. Notably, the bioaccessibility
of TPC was highest in L. edodes (1139%) and A. auricula-judae
(1451%), likely due to lower dietary ber content facilitating the
release of phenolic compounds during digestion.41

Conversely, A. odoratus exhibited the highest TPC aer
boiling, suggesting that its polyphenols may be more heat-
resistant compared to other species. In addition, boiling may
enhance the release and bioaccessibility of phenolic
compounds in this species. Conversely, boiling generally
reduced TPC in other mushroom species, likely due to the
leaching of water-soluble phenols into the cooking water,
a process that can signicantly decrease antioxidant activity.42

In contrast, boiling V. volvacea resulted in a signicant reduc-
tion in TPC, but in vitro digestion led to an overall increase in
TPC, suggesting that digestive processes can enhance the
Fig. 5 Pearson's correlation matrix analysis among total crude protein, t
(TPC), total flavonoid content (TFC), DPPH radical scavenging activity, a
species.

2062 | Sustainable Food Technol., 2025, 3, 2052–2065
bioaccessibility of phenolic compounds even aer thermal
degradation.

In this study, raw and boiled V. volvacea exhibited the
highest total avonoid content (TFC) both before and aer in
vitro digestion. Notably, boiling signicantly increased TFC in
A. odoratus, suggesting that boiling can enhance avonoid
release during digestion. Conversely, boiling led to a reduction
in TFC in P. ostreatus, with the lowest TFC observed post-
digestion. This variability underscores the inuence of cooking
methods on avonoid stability and bioaccessibility.

Flavonoids are water-soluble and heat-sensitive, making
them susceptible to degradation during cooking and digestion.
In this study, boiling resulted in a signicant decrease in TFC
across various mushroom species, consistent with previous
ndings that attributed such reductions to the breakdown of
mushroom tissue during heating, facilitating the release of
these compounds from the food matrix.10 However, some
studies suggest that certain cooking methods, such as steaming
otal mineral content, total amino acid content, total phenolic content
nd ferric reducing antioxidant power (FRAP) in the seven mushroom

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and microwaving, can enhance avonoid content by increasing
the extractability of these compounds from the cell matrix.36

The observed differences in TFC among mushroom species
and cooking methods highlight the complex interplay between
thermal processing and avonoid stability. While boiling
generally reduces TFC, it may also enhance the release of bound
avonoids during digestion, potentially increasing their bi-
oaccessibility. Therefore, the impact of cooking on avonoid
content and bioaccessibility is multifaceted, depending on the
specic mushroom species and cooking techniques employed.

Changes in antioxidant activities and estimated bi-
oaccessibility. The results for DPPH radical scavenging activity
and ferric reducing antioxidant power (FRAP) in the seven
mushroom species along with the estimated bioaccessibility
percentages are presented in Fig. 4 and SI Table S2.

Among the raw mushroom samples, L. squarrosulus and L.
edodes showed the highest initial DPPH scavenging activity
(211.66 and 207.96 mM TE/100 g DM, respectively; p < 0.05),
with no signicant difference between them. All raw mush-
rooms demonstrated increased DPPH activity following diges-
tion. In contrast, A. odoratus exhibited the lowest initial activity
(115.29 mM TE/100 g DM).

Boiling signicantly enhanced DPPH activity in A. odoratus
and A. auricula-judae, suggesting their antioxidant
compounds—such as b-glucans, amino acids, and ergothio-
neine—are heat-resistant and likely extend beyond phenolics.42

Conversely, boiling reduced DPPH activity in other species,
which could be due to processing depending on surface area
exposure and cooking time.

FRAP values also increased aer digestion across all raw
mushrooms. However, A. auricula-judae, despite high DPPH
activity, showed the lowest FRAP value (8.26 mM FeSO4/100 g
DM). Post-digestion, the highest FRAP values were recorded in
V. volvacea and L. edodes (34.5 and 32.11 mM FeSO4/100 g DM,
respectively). Boiling reduced FRAP in all mushrooms; however,
boiled A. odoratus initially had the highest FRAP value. During
digestion, boiled V. volvacea showed a notable increase in FRAP.
Flavonoid-related metal-chelation may also inuence FRAP
activity. This depends on the avonoid structure, metal ion
type, and pH.43 Since pH varies across the digestive tract, the
stability and bioavailability of avonoid–metal complexes may
shi during digestion.

It is important to note that the TPC, TFC, DPPH, and FRAP
values in this study were based on water extracts, which may
not fully reect the total antioxidant content. Some mush-
rooms may require alternative solvents—such as ethanol, di-
ethyl ether, or mixed solvents—for more efficient extraction.
Nevertheless, this study prioritized water-based extraction to
better simulate real-life consumption conditions. Conse-
quently, while the bioavailability of phenolic compounds may
increase, the overall antioxidant capacity of the vegetable
diminishes due to the loss of these compounds into the
cooking medium.

Correlation analysis of nutritional and antioxidant proper-
ties in mushrooms. Pearson's correlation analysis (p < 0.01 and
p < 0.05) assessed relationships among protein, minerals,
amino acids, TPC, TFC, and antioxidant activity (DPPH and
© 2025 The Author(s). Published by the Royal Society of Chemistry
FRAP) in the seven mushroom species (Fig. 5). A strong positive
correlation was found between total crude protein and mineral
content (R2 = 0.748–0.995), highlighting minerals' roles in
protein synthesis and antioxidant defense.

TPC showed strong correlation with DPPH (R2 = 0.814–
0.962) and moderate to strong correlation with FRAP (R2 =

0.668–0.987) across species. TFC also correlated with antioxi-
dant activity in some species, such as V. volvacea, P. ostreatus,
and L. edodes. These results suggest that phenolics are major
contributors to antioxidant capacity. Notably, A. auricula-judae
showed no DPPH-FRAP correlation, possibly due to assay
differences and solvent effects.

Interestingly, L. squarrosulus had a negative correlation
between TFC and antioxidant activity, despite strong TPC-TFC
correlation, indicating that non-avonoid phenolics—like gallic
acid—may dominate antioxidant effects. L. polychrous had the
highest TFC, while A. odoratus showed no signicant TFC-
antioxidant link, likely due to low TFC (Fig. 4). Overall, these
ndings support TPC as the primary antioxidant contributor in
mushrooms.10,44,45

Conclusions

This study demonstrated that boiling and in vitro gastrointes-
tinal digestion signicantly inuenced the nutritional compo-
sition, microstructure, and bioactive properties of seven edible
mushroom species. Boiling generally reduced amino acids and
phenolic compounds but enhanced protein digestibility and
improved the apparent bioaccessibility of several nutrients.
Distinct species-specic responses were observed, underscoring
the importance of choosing appropriate mushroom types and
preparation methods to optimize health benets. Microstruc-
tural analysis via SEM revealed visible disruption of fungal cell
networks and the formation of structural discontinuities
following processing. However, we recognize that conclusions
regarding porosity enhancement are based on qualitative
observations. We acknowledge the need for quantitative metrics
in future work to conrm these ndings. Although the study
offers useful insights for functional food development, the
absence of sensory and consumer acceptability data remains
a limitation. Future research should include sensory evalua-
tions to assess avor, texture, and palatability—key factors for
real-world application of mushrooms in plant-based food
products. These ndings collectively support the integration of
edible mushrooms into sustainable, protein-rich diets and
functional food formulations.
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Data availability

The data supporting this article have been included as part of
the SI. Supplementary information: supplementary Tables S1–
S5 provide detailed compositional and digestibility data for
seven mushroom species. Table S1 includes total crude protein,
mineral content, amino acid proles before and aer digestion,
and estimated in vitro digestibility. Table S2 presents total
phenolic content, avonoid content, antioxidant activities
(DPPH, FRAP), and their in vitro bioaccessibility. Tables S3 and
S4 detail essential, non-essential, and conditionally essential
amino acid contents in raw, boiled, and digested extracts. Table
S5 summarizes macro and trace mineral compositions in raw,
boiled, and digested samples. See DOI: https://doi.org/10.1039/
d500346f.
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