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ABSTRACT

Shiitake mushrooms (Lentinula edodes) are valued for their nutritional and
therapeutic properties and are an important source of bioactive antioxidant
compounds. However, the application of ionic liquids (ILs) for extracting these
compounds from fungal matrices remains underexplored. This study evaluated 2-
hydroxyethylammonium acetate as a green solvent for extracting antioxidant and
phenolic compounds from shiitake mushrooms. Extraction was conducted by solvent—
biomass contact followed by vortex agitation and ultrasonic treatment. A 23 factorial
design was employed to investigate the effects of ionic liquid concentration (0.4-2.0
mol L™"), temperature (25-60 °C), and ultrasonic extraction time (30—60 min). Total
phenolic content was quantified using the Folin—Ciocalteu method, and antioxidant
capacity was assessed via DPPH and ABTS radical scavenging assays.
Spectrophotometric results indicated total phenolic contents ranging from 18.43 to
32.71 mg 100 g~"'. Antioxidant activity varied between 0.09 and 0.73 mM TE g’ for
DPPH and from 1.48 to 2.20 mg 100 g™ for ABTS. Statistical analysis demonstrated
that ionic liquid concentration and temperature significantly affected (p < 0.05) total
phenolic content and DPPH activity, whereas no significant effects were observed for
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ABTS under the studied conditions. The findings confirm that 2-
hydroxyethylammonium acetate is an effective and environmentally favorable solvent
for recovering antioxidant compounds from shiitake mushrooms. This approach
contributes to sustainable biomass valorization and supports the development of
greener extraction strategies with potential applications in food, nutraceutical, and

pharmaceutical sectors

Keywords: shiitake; extraction; ionic liquid, antioxidant activity.
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INTRODUCTION

The growing awareness of the importance of health and well-being has driven
the search for natural sources of bioactive compounds, especially those with
antioxidant properties[1, 2]. Among these sources, edible and medicinal mushrooms,
such as shiitake (Lentinula edodes), have gained prominence for their nutritional and
therapeutic properties. Native to East Asia, Shiitake mushrooms are cultivated globally
and have been valued for centuries in both Asian cuisine and traditional medicinal
practices, where they are prized for their properties that are believed to promote health,
longevity, and blood circulation[3, 4]

Lentinula edodes is rich in macronutrients, consisting of approximately 90%
water when fresh, and on a dry basis, mostly carbohydrates (67.5 to 78%, of which
44% is dietary fiber), as well as proteins (13.4 to 17.5%)[5]. In terms of micronutrients,
shiitake mushrooms are an excellent source of minerals such as phosphorus,
magnesium, potassium, zinc, iron, and copper, and vitamins such as C, B1, B2, B3,
B9, B12, and DI[6, 7]. In addition to its nutritional value, shiitake contains bioactive
compounds such as polysaccharides, fiber, and ergosterol, which confer antimicrobial,
antitumor, antiviral, anti-inflammatory, and antioxidant properties|[8].

The antioxidant properties of shiitake mushrooms are primarily attributed to the
presence of various compounds, including polyphenols, flavonoids, beta-glucans, and
ergosterol[2]. It was identified the presence of ergothioneine, gallic acid (a type of
phenolic acid), carvacrol, protocatechuic acid, catechin, and tocopherols (vitamin E) in
shiitake extracts[8]. Antioxidants are molecules that preferentially oxidize other
molecules, interact with free radicals, and inhibit chain reactions that could lead to
cellular damage and oxidative stress, such as lipid peroxidation[9]. These antioxidants
can be categorized as either enzymatic or non-enzymatic (including minerals, vitamins,
carotenoids, and polyphenols), with many natural antioxidants possessing phenolic
structures akin to those synthetic antioxidants[10].

Traditionally, the extraction of these bioactive compounds from natural matrices
involves the use of organic solvents[11], which can be inefficient, time-consuming, and
harmful to the environment. In this scenario, the search for alternative solvents that are
more efficient and environmentally friendly has intensified recently[12]. lonic liquids

(ILs) have emerged as a promising solution to these challenges[13].
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lonic liquids are organic salts that are liquid at temperatures below 100 °C. They
are composed of ions and possess unique and desirable properties for extraction
processes, high thermal stability, ability to act as good solvents for a wide range of
compounds, high electrical conductivity, and very low vapor pressure. These
characteristics qualify them as “green solvents,” minimizing the environmental impact
of their production and use[14, 15]. Consequently, ionic liquids are gaining recognition
as promising solvents for extracting bioactive compounds[16].

The use of hydroxylamine-based ionic liquids for extracting bioactive
compounds has surged in recent years because of their affordability and low toxicity
and its reuse compared to imidazolium-based ILs[17]. Oliveira et al.[18] reported that
2-hydroxyethylammonium acetate (2HEAA) exhibited the lowest toxicity among protic
solvents when tested against various microorganisms. Phycobiliproteins were
extracted from Spirulina (Arthrospira platensis) using IL microwave-assisted[19]. The
authors discovered that the combination of 2HEAA and 2-hydroxyethylammonium
formate (2HEAF) was both efficient and rapid, with minimal energy consumption.
Additionally, 2-hydroxyethylammonium has been employed to precipitate lignin from
eucalyptus wood Villarino et al.[20, 21] and in the pretreatment of sugarcane bagasse
to decompose cellulose into smaller sugars[20, 21]. The chemical structure of the ionic
liquid 2-hydroxyethylammonium acetate is illustrated in Figure 1, where functional
groups are identified; for the cation, the numbering denotes the ethyl chain bridging

the hydroxyl and ammonium groups.

Figure 1 - 2-hydroxyethylammonium acetate
O

)k * OH
H3C o H3N /\/

This study aimed to assess the ability of the ionic Iliquid 2-
hydroxyethylammonium acetate to solubilize bioactive compounds from shiitake
mushrooms (Lentinula edodes) and to compare its efficiency with that of conventional
solvents. This study contributes to advancing more sustainable extraction processes
and to the valorization of a natural resource with significant medicinal and nutritional

potential.
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2. Materials and methods

2.1. Materials

All chemical reagents used in this study were purchased from Sigma-Aldrich
and used as received unless otherwise noted. Dehydrated shiitake mushroom samples
were purchased online from Sao Paulo, Brazil. The samples were ground in a domestic
blender until they became flour and then passed through a 30-mesh sieve. After

processing, the samples were packaged and stored in sterilized glass containers.
2.2. Synthesis of 2-hydroxyethylammonium acetate ionic liquid

The ionic liquid (IL), 2-hydroxyethylammonium acetate, was synthesized by
reacting ethanolamine with glacial acetic acid, following the methodology of Alvarez et
al. [22] with a minor modification. Ethanolamine was added to a 100 mL round-bottom
flask in an ice bath, which was then placed on a magnetic stirrer. Next, the acetic acid
solution slowly dripped into the flask containing ethanolamine while stirring
magnetically for 2 h. At the end of the synthesis, IL was rotary evaporated (Fisatom,

801, Brazil) at 60 °C, resulting in a viscous, amber-colored liquid.

2.3. Experimental Factorial Design

To evaluate the influence of ionic liquid concentration, extraction time, and
temperature on the extraction of total antioxidant and phenolic compounds, a 20
factorial experimental design was applied. The independent variables and their
respective levels were IL concentration (0.4, 1.2, and 2.0 Mol L"), called ionic liquid
solution, extraction time (30, 45, and 60 min), and temperature (25, 45, and 65 °C). A

total of 11 trials were conducted, including central points, to verify repeatability.
2.4. Antioxidant Compounds Extraction.

Extraction was performed using the procedure described by Qin et al.[23] with
a slight modification. Initially, 0.3 g of shiitake flour was weighed and added to Falcon
tubes. Then, 5 mL of ionic liquid solution was added according to the factorial design.
The samples were stirred in a vortex mixer and subjected to an ultrasonic bath

(SolidSteel, Brazil), under the time and temperature conditions for each experimental
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point. The entire procedure was performed in triplicates. After extraction, the samples
were ultracentrifuged (Hermle, Germany), at 8.000 rpm for 10 min to obtain the
supernatant phase (liquid extract). The liquid extracts were stored in a freezer until

analysis.
2.5. Total Phenolic Compounds Quantification

Quantification was performed using the Folin-Ciocalteu method, as described
by Singleton et al.[24]. A standard gallic acid curve was generated. A 10% 2M Folin-
Ciocalteu solution and 4% sodium carbonate solution were added. The blank was
distilled water, and the tests were performed in the dark. The absorbance was
measured at 740 nm using a spectrophotometer (Femto, 800XI, Brazil), and the results
were expressed in milligrams of gallic acid per 100 grams (mg GAE 100 g'). The
reducing capacity of the antioxidant was measured by electron transfer, with the color
of the solution ranging from light blue (lower concentration) to dark blue (higher

concentration).

2.6. DPPH - Method for Determining Antioxidant Activity

Antioxidant activity was determined using the DPPH method according to
Brand-William et al.[25], with adaptations. Solutions of 0.5 mM DPPH (in P.A. ethanol),
2000 uM Trolox, and 1000 uM Trolox (both in P.A. ethanol) were prepared. A standard
curve was prepared using 1000 and 2000 uM Trolox. The absorbance of the samples
was measured at 517 nm using a spectrophotometer (Femto, 800XI, Brazil), with
ethanol as the blank. The results were expressed in mM TEAC g™ of extract (TEAC =
Trolox equivalent antioxidant activity). The DPPH solution is purple and, when
reduced, turns yellow, indicating the consumption of the reagent by the decrease in
absorbance.

2.7. ABTS - Method for Determining Antioxidant Activity

The ABTS (2,2-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)) method was
applied to the extracts following the procedures described by Re et al.[26]. A 2000 yM
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Trolox solution was used to generate the standard curve, and ethanol was used as the
blank. The absorbance was measured at 734 nm, using a spectrophotometer (Femto,

800XI, Brazil). and the results were expressed in mM TEAC g ' of extract.

3. RESULT AND DISCUSSION

This section presents and discusses the results obtained from the extraction
antioxidant compounds from Shiitake mushrooms using 2-hydroxyethylammonium
acetate ionic liquid. The discussion will focus on the influence of independent variables
(IL concentration, time, and temperature) on the extraction of total phenolic compounds
and antioxidant activity evaluated by the DPPH and ABTS methods.

3.1. Characterization of 2-Hydroxyethylammonium Acetate lonic Liquid

The synthesis of the ionic liquid 2-hydroxyethylammonium acetate was
confirmed using infrared spectroscopy (IR) techniques, which allowed the identification

of the main functional group’s characteristic of the IL structure, as shown in Figure 2.

Figure 2 - InfraRed spectra of 2-hydroxyethylammonium acetate

—— OH-NH3CH300-_1

140 4
120 4
100 - / i ,|'

80 120 AN ' v (-NH34) |

Transmitance (%)

40 4

20 1

4000 ) 35100 V 30100 ' 25l00 ' 2(;00 ) 15'00 ) 10I00
Waves number (cm-1)



183
184
185
186
187

188

189
190
191
192
193
194
195

196
197

198
199
200
201
202
203
204

The following bands were identified: -OH group stretching around 3,500 and
3,400 cm™"; -NH3+ group stretching around 3,100 cm'; -N-H group stretching around
2,100 cm™'; -NH3=, asymmetric stretching around 1,550 cm'; -(C=0)2 group,
asymmetric stretching around 1500 cm-', -(C=0)2 group, symmetric stretching around
1450 cm-'; —(C-O) group, stretching at 1000 cm' [27].

3.2. Total phenolic compounds

The quantification of Total Phenolic Compounds in Shiitake extracts provided
crucial information on the effectiveness of different extraction conditions. The results
(Table 1) revealed significant variation, with levels ranging from 18.43 to 32.71 mg
GAE 100 g™.

Table 1 - Total phenolic compounds of Shiitake extracts based on integral factorial design 2(3-
0)

IL concentration Time Temperature Total Phenolic
Trials (L mol") (min) (°C) Compounds in
X1 X2 X3 Shiitake extracts
(mg GAE/100 g)*
1 0.4 30 25 28.12 £ 0.09
2 2.0 30 25 21.98 £+ 0.62
3 0.4 60 25 32.71 £ 0.05
4 2.0 60 25 2419+ 0.46
5 0.4 30 65 27.58 £ 0.09
6 2.0 30 65 21.35+1.04
7 0.4 60 65 24.39 £ 0.34
8 2.0 60 65 18.43+0.18
9 1.2 45 45 23.28 £ 0.39
10 1.2 45 45 23.35+0.11
11 1.2 45 45 23.25+0.18
GAE: gallic acid

* Average values followed by standard deviation.

To gain a more detailed understanding of the influence of the variables,
response surface graphs were generated (Figure 3) with the aid of the Statistica 8.0
computer program. These graphs indicated that the most favorable conditions for the
extraction of total phenolic compounds, resulting in values = 28 mg GAE 100 g, were
obtained when the concentration of the ionic liquid (IL) and the extraction temperature

were at their minimum values (0.4 Mol L-' and 25 °C, respectively), while the extraction
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time approached its maximum value (60 minutes). In contrast, the least favorable
conditions, which led to the lowest levels of total phenolic compounds (< 22 mg GAE
100 g™, occurred when the three variables (IL, temperature and time) were close to
their maximum values. Intermediate values (24 to 26 mg GAE 100 g') were observed

in conditions close to the central points of the experimental plan.

Figure 3 - Response surface graphs of the effects of time, temperature, and IL concentration

variables on total phenolic compounds in Shiitake extracts

Analysis of variance (ANOVA) by the Statistica 8.0 computer program was
performed to identify statistically significant effects. The Pareto chart (Figure 4) clearly
showed that temperature and IL concentration were the most influential and statistically
significant independent variables (p<0.05) in determining total phenolic compound
content. The interaction between temperature and time also showed a significant
effect. The R? value of 0.964 for the ANOVA model indicates an excellent fit of the
experimental data to the proposed model, explaining approximately 96.4% of the

variability in the total phenolic compound results.
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Figure 4 - Pareto chart of the effects at p<0.05 of the total phenolic compounds in

Shiitake extracts
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An increase in IL concentration (variable X1), while the variables time (X2) and
temperature (X3) were kept constant, led to a reduction in total phenolic compound
results, with an average decrease of approximately 1.30 times. This phenomenon can
be attributed to the increase in the viscosity of the IL solution with the decrease in the
proportion of water, which theoretically would hinder mass transfer. Temperature
(variable X3) was also statistically significant, with a slight reduction in results at higher
temperatures. This may be due to the thermal degradation of some heat-sensitive
antioxidant compounds or changes in the properties of IL that decrease its affinity with
phenolics at higher temperatures. Interestingly, extraction time was not statistically
significant in this analysis, which can be explained by the relatively narrow range of
variation between the minimum and maximum times used in the factorial design,
suggesting that at times above 30 minutes, extraction saturation may already have

been reached.

Analyzing the individual results in Table 1, test 3, which used 0.4 Mol L-" of IL,
60 minutes of time, and 25 °C temperature, presented the best extraction result (32.71
mg GAE 100 g'). On the other hand, test 8 (2.0 Mol L' of IL, 60 minutes, and 65 °C)
resulted in the lowest total phenolic compound content (18.43 mg GAE 100 g. It is
important to note that samples 1, 3, and 5, all using the lowest concentration of IL (0.4

Mol L"), had total phenolic compounds values higher than or similar to those found by
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Baptista et al.[28], who reported results between 6.391 and 25.092 mg GAE 100 g in
their Shiitake substrate extracts. This finding suggests that lower concentrations of
ionic liquid, combined with milder temperatures, may be more efficient for the extraction

of phenolics in Shiitake with IL.

Other studies also indicate this diversity Garcia et al.[29] reported 4.9 mg 100
g for aqueous extracts of Shiitake Koshin and 2.12 mg 100 g for Donko, after
extractions with distilled water or 80% methanol. Nam et al.[30] found significantly
higher levels in methanolic extracts (506 mg 100 g-' and 486 mg 100 g-'), while Sharpe
et al.[31] reported 90.16 mg 100 g for hydroalcoholic extract and 243.27 mg 100 g
for aqueous extract. This disparity in results highlights the importance of extraction

conditions in the recovery of phenolic compounds.
3.3. Antioxidant activity — DPPH method

The evaluation of the antioxidant activity of Shiitake extracts using the DPPH
radical scavenging method provided insight into the ability of these extracts to
neutralize free radicals. The results in Table 2 for antioxidant activity via DPPH ranged
from 0.09 MM TE g to 0.73 mM TE g".
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Table 2 - Antioxidant activity of shiitake extracts using the DPPH method

based on integral factorial design 2(3-0-

IL concetration Time Temperature Antioxidant activity (DPPH)
Trials (L mol) (min) (°C) (mM TE g')*
X1 X2 X3
1 0.4 30 25 0.73 £ 0.02
2 2.0 30 25 0.51+£0.02
3 0.4 60 25 0.54 £ 0.04
4 2.0 60 25 0.37 £ 0.02
5 0.4 30 65 0.47 £ 0.11
6 2.0 30 65 0.21 £ 0.04
7 0.4 60 65 0.67 £ 0.02
8 2.0 60 65 0.09 £ 0.04
9 1.2 45 45 0.51+0.14
10 1.2 45 45 0.53+0.12
11 1.2 45 45 0.55 £ 0.03

* Average values followed by standard deviation.

When analyzing the response surface graphs for DPPH (Figure 5), it was
observed that the most favorable conditions for obtaining greater antioxidant activity
were those in which the IL concentration and temperature were at their minimum
values (0.4 Mol L' and 25 °C, respectively), while the extraction time was at its
maximum value (60 minutes). This trend is remarkably similar to that identified for the
extraction of Total Phenolic Compounds, reinforcing the correlation between the

presence of phenolic compounds and antioxidant capacity.
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Figure 5 - Response surface graphs of the effects of variables on the antioxidant

activity of Shiitake extracts using the DPPH method

The Pareto chart for the DPPH method (Figure 6) confirmed that IL
concentration and temperature were the statistically significant independent variables
(p<0.05) that most influenced the antioxidant activity of the extracts. This suggests
that, to maximize DPPH radical scavenging capacity, it is preferable to use lower
concentrations of ionic liquid and milder temperatures during the extraction process.
The interaction between temperature and IL concentration was also found to be
relevant, indicating that the combination of these factors is crucial for antioxidant
performance. The coefficient of determination (R?) of the DPPH model was 0.948,
indicating that the model explains approximately 94.8% of the variability in the results,

which demonstrates a good fit and predictive ability of the model.
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Figure 6 - Pareto chart of the effects at p<0.05 on the antioxidant activity of Shiitake
extracts using the DPPH method
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Lower concentrations of the 2-hydroxyethylammonium acetate ionic liquid
proved to be more efficient. This superiority, especially in IL/water mixtures, is
explained by the reduction in IL viscosity and the increase in the solubility of hydrophilic
compounds, as observed in research by Wu et al.[32, 33] and Yu et al.[32, 33] on
hybrid ionic liquids. The formation of micelles by ammonium-based ionic liquids in
aqueous media is a relevant factor, as it creates environments favorable to the
solvation of hydrophobic compounds. This characteristic directly benefits the extraction
of antioxidants, such as tocopherols and carotenoids, found in Lentinula edodes by
Lim et al.[16].

Studies in the literature demonstrate variations in the antioxidant activity of
Lentinula edodes extracts depending on the extraction method. Baptista et al.[28]
observed DPPH values between 0.240 and 1.197 mM TE g-! in the Shiitake substrate,
with extraction optimized by 50% ethanol (v/v) at 50 °C. Comparatively, Bach et al.[34]
obtained a lower result of 0.01148 mM TE g-' using 25% ethanol (V/V). Other studies
also provide points of comparison. Jimenez et al.[35] reported antioxidant activity of
0.321 to 0.331 mM TE g for methanolic extracts of Shiitake (best result with

methanol/water 90:10), these values being close to those of sample 4 in the present
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work. In turn, Ayar-Simer et al.[36], when investigating free and bound antioxidant
compounds in fermented Shiitake (extracted with 80% (V/V) methanol), presented
significantly lower values, ranging from 0.00883 to 0.02613 mM TE g'. The
comparative analysis suggests that the ionic liquid extraction method used in this study
demonstrates comparable or superior efficacy in the recovery of antioxidant

compounds from Shiitake.
3.4. Antioxidant activity — ABTS method

The antioxidant activity of Shiitake extracts was also evaluated by the ABTS
cation radical scavenging method, complementing the DPPH results. The values
obtained in Table 3 for antioxidant activity via ABTS ranged from 1.48 mM TE g to
220 MM TE g™

Table 3 - Antioxidant activity of Shiitake extracts using the ABTS method based on
integral factorial design 20

IL concentration Time Temperature Antioxidante
Trials (Mol L") (min) (°C) activity (ABTS)

X1 X2 X3 (mM TE/g)

1 04 30 25 1.65 £ 0.05
2 2.0 30 25 2.05+0.05
3 0.4 60 25 1.48 +0.11
4 2.0 60 25 2.16 £ 0.07
5 0.4 30 65 1.54 £ 0.03
6 2.0 30 65 2.11+0.02
7 04 60 65 1.58 £ 0.03
8 2.0 60 65 2.03+0.12
9 1.2 45 45 2.13+0.04
10 1.2 45 45 2.20 £ 0.01
11 1.2 45 45 2.16 £ 0.01

* Average values followed by standard deviation.

The response surface graphs (Figure 7) for antioxidant activity by ABTS showed
that the conditions that tended to generate higher antioxidant activity values were when
time and temperature were at their minimum values, while the IL concentration

approached its maximum value.
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This lack of statistical significance for the ABTS method may indicate that,
within the range of variation of the variables tested, the ability of the extracts to
sequester the ABTS+ radical is not as sensitive to changes in these conditions as the
extraction of total phenolics or DPPH activity. This may be attributed to differences in
the reaction mechanisms of DPPH and ABTS radicals, or to the nature of specific
antioxidant compounds that react preferentially with each radical. In addition, it may
suggest that the extraction of the compounds responsible for ABTS activity is less
dependent on IL conditions, time, and temperature within the evaluated ranges, or that
other factors not considered in this factorial design exert a greater influence on this
response. The R? of the model for ABTS was 0.696, a value lower than those observed
for total phenolic compounds and DPPH, corroborating the lesser influence of the

variables tested.

The analysis of the antioxidant activity of Shiitake extracts using the ABTS
method revealed a variation between 1.65 mM TE g™ (test 1, least favorable) and 2.20
mM TE g™ (test 10, most favorable). Although the independent variables of the factorial
design (IL concentration, time, and temperature) were not statistically significant for
this response, a minimal variation in the results was observed, and the intermediate
tests (9, 10, and 11) tended to perform better.

Although not statistically significant, the analysis of variable X1 (IL
concentration) indicated an increase in results from minimum to maximum
concentration, with optimized performance at the average concentration (1.2 Mol L™").
Similarly, for temperature and time, the results decreased from minimum to maximum
conditions but were higher at intermediate points. This characteristic, where the best
results are concentrated at intermediate points and the absence of significance,
suggests that, for ABTS activity, the variables may operate at a plateau or that the
complexity of the interactions has not been fully captured. Compared to literature, the
results of the present study are promising. Baptista et al. [28] reported ABTS values
between 0.391 and 0.906 mM TE g for extracts from the Shiitake substrate, with the
best performance obtained by extraction with 50% ethanol. Garcia et al. [29] presented
results ranging from 0.77 to 1.53 mM TE g for aqueous and methanolic extracts. The
study by Bach et al.[34] showed a value of 0.02885 mM TE g-', notably lower than
those obtained in this work.
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In addition, Ayar-Sumer et al. [36] investigated methanolic extracts (80% v/v) of
Shiitake, reporting ABTS results of 0.09605 mM TE g' for bound antioxidant
compounds and 0.02513 mM TE g-' for free ones. The ABTS antioxidant activity values
achieved in this study, especially in assay 10, are competitive with or superior to many
of those reported in the literature, indicating that 2-hydroxyethylammonium acetate

ionic liquid is an effective solvent for the extraction of these compounds from Shiitake.

4. CONCLUSION

This study demonstrated the feasibility of extracting antioxidant compounds
from Shiitake mushrooms using 2-hydroxyethylammonium acetate ionic liquid. The IL
synthesis was successful, and factorial planning allowed the identification of ideal

conditions for the extraction of different classes of bioactive compounds.

For the quantification of total phenolic compounds and antioxidant activity
assessed by the DPPH method, the ideal conditions were characterized by low IL
concentration (0.4 Mol L-') and temperature (25 °C), combined with a prolonged
extraction time (60 minutes). IL concentration and temperature were identified as the
most significant variables, directly influencing extraction efficiency and antioxidant
capacity. However, for antioxidant activity measured by ABTS, none of the variables
studied showed statistical significance within the parameters investigated, indicating a
lower sensitivity or dependence of these variables on the extraction of the compounds

responsible for this activity.

The results obtained for total phenolic compounds exceeded or were
comparable to previous studies using traditional solvents, reinforcing the potential of
ionic liquids as “green” and efficient solvents in bioactive compound extraction
processes. The use of protic ionic liquids, such as 2-hydroxyethylammonium acetate,
offers additional advantages in terms of cost, sustainability, and ease of synthesis

compared to other types of ILs.

This work contributes significantly to the field of natural product extraction,
providing valuable data on the application of ionic liquids for the valorization of fungal
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resources such as shiitake. The findings pave the way for future research into the
development of more sustainable and efficient extraction processes, as well as for the
application of these antioxidant-rich extracts in various industries, such as
pharmaceuticals, food, and cosmetics, with a view to developing new products with
health benefits.

Acknowledgment

The authors would like to thank the Federal Technological University of Parana
(UTFPR), Francisco Beltrao, Parana, Brazil. The Processing Fee for the publication of
this research article was paid by the Coordenagao de Aperfeigoamento de Pessoal de
Nivel Superior (CAPES).

Declaration of Interests Statement
The authors declare that they have no known competing financial interests or

personal relationships.

Funding

This research did not receive funding from any organization.

Author's contribution.

Rafael Marques -Methodology; Investigation; Writing — Original Draft; Irede Dalmolin
Formal Analysis; Data Curation; Claudia Castro - Supervision,Conceptualization;
Validation; Ellen.Porto.-Supervision,Methodology; Validation; Marcelo Bortoli- formal
analysis, Visualization; Tania Cassol.-Supervision;Conceptualization,Writing — Review
& Editing; Project Administration. All authors reviewed and approved the final

manuscript .

Ethics declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication

Not applicable.



440
441
442
443

444

445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470

20

Data Availability Statement

The datasets generated during and/or analyzed during the current study are

available from the corresponding author on reasonable request

REFERENCES

Toydemir, G., Gultekin Subasi, B., Hall, R.D., Beekwilder, J., Boyacioglu, D.,
Capanoglu, E.: Effect of food processing on antioxidants, their bioavailability and
potential relevance to human health. Food Chem. X. 14, (2022).
https://doi.org/10.1016/j.fochx.2022.100334

Chaipoot, S., Wiriyacharee, P., Phongphisutthinant, R., Buadoktoom, S.,
Srisuwun, A., Somjai, C., Srinuanpan, S.. Changes in Physicochemical
Characteristics and Antioxidant Activities of Dried Shiitake Mushroom in Dry-
Moist-Heat Aging Process. Foods 2023, Vol. 12, Page 2714. 12, 2714 (2023).
https://doi.org/10.3390/foods12142714

Sud, D., Sharma, S., Dhiman, R.: Significance and cultivation techniques of
shiitake mushroom (Lentinula edodes (Berk.) Pegler). Indian Phytopathol. 77,
925-945 (2024). https://doi.org/10.1007/s42360-024-00812-3

Elnahas, M.O., Elkhateeb, W.A., Daba, G.M.: Nutritive profile, pharmaceutical
potentials, and structural analysis of multifunctional bioactive fungal
polysaccharides—A review. Int. J. Biol. Macromol. 266, (2024).
https://doi.org/10.1016/j.ijbiomac.2024.130893

Vieira Pazza, A.C., Zardo, C., Martins Klein, R.C., Schuhli da Cas, T.M., Miotto
Bernardi, D.: COMPOSICAO NUTRICIONAL E PROPRIEDADES FUNCIONAIS
FISIOLOGICAS DE COGUMELOS COMESTIVEIS. FAG JOURNAL OF
HEALTH (FJH). 1, 240-265 (2019). https://doi.org/10.35984/fjh.v1i3.89

Mattila, P., Konko, K., Eurola, M., Pihlava, J.M., Astola, J., Vahteristo, L.,
Hietaniemi, V., Kumpulainen, J., Valtonen, M., Piironen, V.: Contents of vitamins,
mineral elements, and some phenolic compounds in cultivated mushrooms. J.
Agric. Food Chem. 49, 2343-2348 (2001). https://doi.org/10.1021/jf001525d
Jayaraman, S., Yadav, B., Dalal, R.C., Naorem, A., Sinha, N.K., Srinivasa Rao,
C., Dang, Y.P., Patra, A.K., Datta, S.P., Subba Rao, A.: Mushroom farming: A



471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503

10.

11.

12.

13.

14.

15.

21

review Focusing on soil health, nutritional security and environmental
sustainability. Farming System. 2, 100098 (2024).
https://doi.org/10.1016/j.farsys.2024.100098

Ahmad, I., Arif, M., Xu, M., Zhang, J., Ding, Y., Lyu, F.: Therapeutic values and
nutraceutical properties of shiitake mushroom (Lentinula edodes): A review.
Trends Food Sci. Technol. 134, 123-135 (2023).
https://doi.org/10.1016/j.tifs.2023.03.007

Florian, V.N.E., Sisniegas, C.G.M., Valdiviezo-Campos, J.E.: Effect of Different
Extraction Solvents on the Total Phenolic Content and Antioxidant Activity of
Brassica oleracea var. italica. Pharmacognosy Journal. 17, 58-62 (2025).
https://doi.org/10.5530/pj.2025.17.7

Lalita A, Oviya Nilaa M K: Dietary antioxidants: An overview. IP Journal of
Nutrition, Metabolism and Health Science. 7, 156-158 (2024).
https://doi.org/10.18231/j.ijnmhs.2024.029

Renard, C.M.G.C.: Extraction of bioactives from fruit and vegetables: State of
the art and perspectives. LWT. 93, 390-395 (2018).
https://doi.org/10.1016/j.lwt.2018.03.063

Ferreira, B.L., Junior, T.K., Block, J.M., Granato, D., Nunes, |.L.: Innovative
approach for obtaining phenolic compounds from guava (Psidium guajava L.)
coproduct using ionic liquid ultrasound-assisted extraction (IL-UAE). Biocatal.
Agric. Biotechnol. 38, (2021). https://doi.org/10.1016/j.bcab.2021.102196
Droguett Gonzalez, L.M.: Recuperacion de cobre en relaves mineros via
lixiviacion, usando un nuevo solvente verde. (2024).
https://doi.org/10.58011/H38J-H589

Hayyan, A., Abed, K.M., Salleh, M.Z.M., Ng, Y.S., Alanazi, Y.M., Saleh, J., Nor,
M.R.M., Azmi, M.N.S., Ng, Z. Bin, Wong, S.Y., Yong, J.X., Mukhopadhyay, S.,
Mukherjee, S.: Application of ionic liquids as co-solvent for oil extraction from
desert date. J. Mol. Liq. 415, (2024).
https://doi.org/10.1016/j.molliq.2024.126285

Silah, H., Kul, D., Uslu, B.: Why are ionic liquids so unique? — A review on ionic
liquids and hemoglobin modified electrodes as electrochemical sensing
platforms. Electrochim. Acta. 532, (2025).
https://doi.org/10.1016/j.electacta.2025.146504



504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536

16.

17.

18.

19.

20.

21.

22.

23.

22

Lim, J.R., Chua, L.S., Mustaffa, A.A.: lonic liquids as green solvent and their
applications in bioactive compounds extraction from plants. Process
Biochemistry. 122, 292-306 (2022).
https://doi.org/10.1016/j.procbio.2022.10.024

Sobhani, S., Honarmand, M.: 2-Hydroxyethylammonium acetate: A reusable
task-specific ionic liquid promoting one-pot, three-component synthesis of 2-
amino-3,5-dicarbonitrile-6- thio-pyridines. Comptes Rendus Chimie. 16, 279—
286 (2013). https://doi.org/10.1016/j.crci.2012.10.011

Oliveira, M.V.S., Vidal, B.T., Melo, C.M., de Miranda, R. de C.M., Soares, C.M.F.,
Coutinho, J.A.P., Ventura, S.P.M., Mattedi, S., Lima, A.S.: (Eco)toxicity and
biodegradability of protic ionic liquids. Chemosphere. 147, 460—-466 (2016).
https://doi.org/10.1016/j.chemosphere.2015.11.016

Rodrigues, R.D.P., Silva, A.S. e., Carlos, T.A.V., Bastos, A.K.P., de Santiago-
Aguiar, R.S., Rocha, M.V.P.: Application of protic ionic liquids in the microwave-
assisted extraction of phycobiliproteins from Arthrospira platensis with
antioxidant activity. Sep. Purif. Technol. 252, (2020).
https://doi.org/10.1016/j.seppur.2020.117448

Villarino, S., Rigual, V., Garcia-Sanchez, B., Rodriguez, F., Garcia, J.: Selective
precipitation of ionosolv lignins: Replacing water with low enthalpy of
vaporization antisolvents. Ind. Crops Prod. 230, 121123 (2025).
https://doi.org/10.1016/j.indcrop.2025.121123

Pin, T.C., Nakasu, P.Y.S., Mattedi, S., Rabelo, S.C., Costa, A.C.: Screening of
protic ionic liquids for sugarcane bagasse pretreatment. Fuel. 235, 1506-1514
(2019). https://doi.org/10.1016/j.fuel.2018.08.122

Alvarez, V.H., Dosil, N., Gonzalez-Cabaleiro, R., Mattedi, S., Martin-Pastor, M.,
Iglesias, M., Navaza, J.M.: Bragnsted ionic liquids for sustainable processes:
Synthesis and physical properties. J. Chem. Eng. Data. 55, 625-632 (2010).
https://doi.org/10.1021/je900550v

Qin, G., Zhang, F., Ren, M., Chen, X, Liu, C., Li, G., Gao, Q., Qiao, L., Jiang,
Y., Zhu, L., Guo, Y., Wang, G.: Eco-friendly and efficient extraction of
polyphenols from Ligustrum robustum by deep eutectic solvent assisted
ultrasound. Food Chem. 429, 136828 (2023).
https://doi.org/10.1016/j.foodchem.2023.136828



537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569

24.

25.

26.

27.

28.

29.

30.

31.

32.

23

Singleton, V.L., Orthofer, R., Lamuela-Raventds, R.M.: Analysis of total phenols
and other oxidation substrates and antioxidants by means of folin-ciocalteu
reagent. Methods Enzymol. 299, 152-178 (1999).
https://doi.org/10.1016/S0076-6879(99)99017-1

Brand-Williams, W., Cuvelier, M.E., Berset, C.: Use of a free radical method to
evaluate antioxidant activity. LWT - Food Science and Technology. 28, 25-30
(1995). https://doi.org/10.1016/S0023-6438(95)80008-5

Re, R., Pellegrini, N., Proteggente, A., Pannala, A., Yang, M., Rice-Evans, C.:
Antioxidant activity applying an improved ABTS radical cation decolorization
assay. Free Radic. Biol. Med. 26, 1231-1237 (1999).
https://doi.org/10.1016/S0891-5849(98)00315-3

Pavia, D.L., Lampman, G.M., Kriz, G.S., Vyvyan, J.R.: Introduction to
Spectrometry. Cengage Learning. 1-690 (2015)

Baptista, F., Campos, J., Costa-Silva, V., Pinto, A.R., Saavedra, M.J., Ferreira,
L.M., Rodrigues, M., Barros, A.N.: Nutraceutical Potential of Lentinula edodes’
Spent Mushroom Substrate: A Comprehensive Study on Phenolic Composition,
Antioxidant Activity, and Antibacterial Effects. Journal of Fungi. 9, 1200 (2023).
https://doi.org/10.3390/j0f9121200

Garcia, J., Afonso, A., Fernandes, C., Nunes, F.M., Marques, G., Saavedra,
M.J.: Comparative antioxidant and antimicrobial properties of Lentinula edodes
Donko and Koshin varieties against priority multidrug-resistant pathogens. S. Afr.
J. Chem. Eng. 35, 98-106 (2021). https://doi.org/10.1016/j.sajce.2020.09.008
Nam, M., Choi, J.Y., Kim, M.S.: Metabolic profiles, bioactive compounds, and
antioxidant capacity in lentinula edodes cultivated on log versus sawdust
substrates. Biomolecules. 11, 1654 (2021).
https://doi.org/10.3390/biom11111654

Sharpe, E., Farragher-Gnadt, A.P., Igbanugo, M., Huber, T., Michelotti, J.C.,
Milenkowic, A., Ludlam, S., Walker, M., Hanes, D., Bradley, R., Bou-Abdallah,
F.: Comparison of antioxidant activity and extraction techniques for commercially
and laboratory prepared extracts from six mushroom species. J. Agric. Food
Res. 4, (2021). https://doi.org/10.1016/j.jafr.2021.100130

Wu, J., Wu, X., Wu, R., Wang, Z., Tan, N.: Research for improvement on the

extract efficiency of lignans in traditional Chinese medicines by hybrid ionic



570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589

33.

34.

35.

36.

24

liquids: As a case of Suhuang antitussive capsule. Ultrason. Sonochem. 73,
(2021). https://doi.org/10.1016/j.ultsonch.2021.105539

Yu, M., Yan, X., Fei, Y., Zhang, J., Cheng, Y., Chen, Z., Zhang, J.: Synthesis
and characteristic of 1-amino-2-propanol-based ionic liquids and effective
extraction of antioxidants from Mugwort. J. Mol. Lig. 322, (2021).
https://doi.org/10.1016/j.molliq.2020.115014

Bach, F., Helm, C.V., Pedro, A.C., Stafussa, A.P., Maciel, G.M., Haminiuk,
C.W.I.: ATIVIDADE ANTIOXIDANTE E ANTIMICROBIANA DO EXTRATO DE
Lentinula edodes. Avancos e Desafios da Nutricado 3. 77-87 (2019).
https://doi.org/10.22533/at.ed.4081924059

Jimenez, M.E., Berrus, H.E., Segarra, J.D., Peralta, O.L., Pdlit, M.P.,
Campuzano, L.C., Carpio, R.A., Fondevila, M.P., Villacres, M.C.: Phenolic
content and antioxidant activity in Lentinula edodes grown on eucalyptus
biomass. Emirates Journal of Food and Agriculture 35(12): 1-9. 35, 1-9 (2023).
https://doi.org/10.9755/ejfa.2023.3184

Ayar-Siimer, E.N., Verheust, Y., Ozgelik, B., Raes, K.: Impact of Lactic Acid
Bacteria Fermentation Based on Biotransformation of Phenolic Compounds and
Antioxidant Capacity of Mushrooms. Foods. 13, 1616 (2024).
https://doi.org/10.3390/foods13111616



