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A B S T R A C T

Macro-fungi are recognized for food, medicinal, and environmental applications, therefore, the study focuses on
multifaceted nutritional, techno-functional, and bioremediation-related uses of Agaricus bisporus and Ganoderma
lucidum powders. Herein, A. bisporus exhibited 11.43 % significantly higher protein content, whereas, G. lucidum
exhibited 63.55 % higher fiber content. For both mushrooms, spherical porous and fibrous interconnected
structural morphology was observed, which led to distinguishing crystallinity and techno-functional properties.
G. lucidum demonstrated 75.89 % higher iron, and 19.22 % higher zinc bioavailability while A. bisporus displayed
45.36 % higher calcium bioavailability. G. lucidum absorbed significantly higher zinc and calcium during cellular
uptake, while A. bisporus revealed higher iron uptake. Both macro-fungi enhanced iron storage, with G. lucidum
achieving 28.68 ± 0.61 ng ferritin/mg cell protein. A. bisporus degraded 88.69 ± 0.12 % Malachite Green while
G. lucidum degraded 90.51 ± 0.19 %, maintaining efficiency in both sunlight and UV light. The research indicates
that these matrices may serve as valuable nutritional sources and potential substitutes for additives.

1. Introduction

Macro-fungi, commonly known as mushrooms have been widely
utilized for their nutritional and medicinal benefits for centuries. These
mushrooms are considered an excellent source of protein (Lectins, lac-
case, and Ergothioneine-binding protein), vitamins (B complex and
vitamin D), minerals (such as iron, zinc, calcium, selenium, copper, and
potassium), and a variety of other bioactive components (beta-glucan)
(Demirtas et al., 2024; Lai et al., 2024; Teli et al., 2024; Yusran et al.,
2023). Among all macro-fungi, Agaricus bisporus, commonly known as
the button mushroom, and Ganoderma lucidum, referred to as the reishi
or lingzhi mushroom are well known due to their abundance of bioactive
compounds and distinct culinary and medicinal reputations
(Wickramasinghe et al., 2023). Both species have long been integral

components of traditional medicinal systems, with recent scientific in-
vestigations exploring their potential roles in functional product devel-
opment and diverse applications (Wang et al., 2024). However, fresh
macro-fungi fruiting bodies are highly perishable, lasting only a few
hours at room temperature, therefore to extend their shelf life and
broaden their applications these fruiting bodies are often dried and
powdered making them easier to store and transport (Pratti et al., 2024).
This powdered form retains the nutritional benefits of fresh macro-fungi
and is ideal for use in dietary supplements, functional foods, and envi-
ronmental applications (Demirtas et al., 2024; Shams et al., 2022).

In recent years mushroom powders have also been utilized for their
multifaceted industrial applications due to their unique composition and
properties (Devi et al., 2024). At the industry level, the techno-
functional properties refer to the physical and chemical attributes of
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the food-based products that impact product formulation like texture,
and processing efficiency (Atik et al., 2024; Vélez-Uribe et al., 2023).
Mushroom-derived powders, due to their excellent protein and poly-
saccharide content, exhibit several functionalities including water
retention, emulsification, thickening, and fat-binding capacities
(Mazumder et al., 2023). As an active food ingredient, its incorporation
into food products including bakery items, meat analogs, and soups can
improve moisture retention, enhance protein content, and provide
antioxidant benefits, overall sensory attributes, and shelf life of the
product (Mazumder et al., 2024). Therefore, the growing interest in
sustainable natural-based ingredients further highlights the importance
of mushroom powder in food applications (Devi et al., 2024). Conse-
quently, it is esteemed not just for its nutritional advantages but also for
its capacity to enhance texture, flavor, and usefulness across many food
systems, rendering it a versatile and environmentally sustainable option
for food innovation (J. Tang et al., 2024).

Mushroom powders, characterized by a variety of polar, non-polar,
and surface-active constituents, have garnered interest for their poten-
tial applications in environmental bioremediation, especially in the
degradation of photocatalytic dyes (Shahid-Ul-Islam et al., 2023). In-
dustrial effluents filled with synthetic dyes pose a significant environ-
mental challenge due to their toxicity, persistence, and impact on
aquatic ecosystems (Pandey et al., 2024). To address these issues, re-
searchers have been exploring eco-friendly sustainable methods for dye
degradation by involving the use of natural and biologically derived
materials as photocatalysts (Khan et al., 2023). Herein, the inherent
structure of mushroom powder due to its ability to act as a support or
catalyst in the degradation process combined with its ease of function-
alization and ability to generate reactive oxygen species under light
irradiation, makes it a viable candidate for degrading harmful dyes such
as Malachite green and Eosin Y (Liang et al., 2024). Furthermore,
mushroom powders are biodegradable, non-toxic, and can be produced
at low cost, enhancing their appeal as an environmentally sustainable
material for water treatment technologies (Ghose et al., 2024). The
integration of mushroom powders into photocatalytic systems offers an
innovative method for utilizing natural resources in environmental
remediation, thereby advancing the creation of sustainable and effective
strategies for industrial wastewater treatment (Sethi et al., 2024).

In addition, mushroom powder has also gained prominence for its
high nutritional content, particularly its rich mineral composition
(Munir et al., 2023). Minerals like calcium, magnesium, iron, and zinc
are essential for various physiological functions in the human body but
their bioavailability how effectively they are absorbed and utilized by
the body is a critical factor influencing their nutritional benefits
(Ghafoor et al., 2024; Iqbal et al., 2024). Inorganic mineral salts present
in mushroom powder, while contributing essential nutrients like mag-
nesium and zinc can also lead to toxicity due to the bioaccumulation of
heavy metals including cadmium, arsenic, and lead (Ghuniem et al.,
2024). The risk of toxicity is sensitive to the ability of mushrooms to
absorb these elements from contaminated environments, demanding
careful monitoring of mineral concentrations to ensure safe consump-
tion (de Souza et al., 2023). A promising approach for investigating
mineral bioavailability involves the utilization of Caco-2 cells, a recog-
nized in vitro model for simulating human intestinal absorption. The
Caco-2 cell model, originating from human colon carcinoma cells, rep-
licates the characteristics of intestinal epithelial cells and serves as a
dependable instrument for evaluating nutrient transport and absorption
across the intestinal barrier (De et al., 2024). Its unique composition of
polysaccharides, fibers, and proteins has the potential to enhance min-
eral solubility and absorption, making it a valuable source for improving
mineral intake in diets (Devi et al., 2024). Understanding the bioavail-
ability of minerals from mushroom powder through caco-2 cells pro-
vides insights into its nutritional efficacy and highlights its potential role
in addressing mineral deficiencies in populations (Quero et al., 2024).
This research is crucial for promoting the use of mushroom powder as a
functional food ingredient with enhanced health benefits.

The objective of this study is to explore the multifaceted potential of
Agaricus bisporus and Ganoderma lucidum powders by analyzing their
proximate composition, techno-functional properties, structural and
chemical characteristics, and photocatalytic dye degradation capabil-
ities. Despite recognition of the dietary and environmental applications
of these macro-fungi, there exists a notable deficiency in thorough in-
vestigations assessing their efficacy in degrading synthetic dyes and
their specific structural characteristics. While the nutritional and envi-
ronmental applications of Agaricus bisporus and Ganoderma lucidum are
acknowledged, little is known about their photocatalytic efficiency in
degrading synthetic dyes like Eosin Y and Malachite Green, a potential
eco-friendly solution for wastewater treatment. Additionally, the study
emphasizes the structural and chemical properties of these fungi, as well
as their techno-functional attributes, providing valuable insights into
their roles in food and environmental applications. Moreover, the
investigation of mineral uptake via Caco-2 cells fills a critical knowledge
gap regarding their nutritional bioavailability, making these fungi
promising candidates for addressing nutritional deficiencies. By adopt-
ing a holistic approach that combines nutritional, structural, and envi-
ronmental evaluations, the study uniquely contributes to understanding
the multifunctional roles of these macro-fungi, offering innovative so-
lutions across industries. The novelty of this research comes under a
complete approach by combining a comparative analysis of the techno-
functional properties and mineral uptake of Agaricus bisporus and
Ganoderma lucidum with their photocatalytic efficiency in degrading
dyes like Eosin Y and Malachite Green. This study presents a detailed
analysis of the chemical and structural properties of these macro-fungi,
revealing their dual potential for nutritional applications and environ-
mental remediation.

2. Materials and methods

2.1. Biological materials

The fruiting bodies of Agaricus bisporus were obtained from the
Directorate of Mushroom Research Centre (DMRC), Solan, Himachal
Pradesh, India, in March 2024. Whereas, the fruiting bodies of the
Ganoderma lucidumwere collected from the bark of wildly grown Acacia
trees available in the farm area of Lovely Professional University, Pun-
jab, India, during August 2023. The Department of Botany, Lovely
Professional University, Phagwara, Punjab, India, with the catalog
reference LPU22/A789 confirmed the Ganoderma lucidum specimens.
Chemicals such as petroleum ether, ethanol, sulfuric acid, sodium hy-
droxide, nitric acid, hydrochloric acid, potassium sulfate, cupric sulfate,
and boric acid were procured from Hi Media Chem Pvt. Ltd., Vadodara,
Gujarat, India. Eosin Y and Malachite green dye were purchased from
Loba Chemie Pvt. Ltd. (Mumbai, India). All the glassware was washed
with nitric acid and double distilled water to maintain high standards of
precision and purity throughout the experiments.

2.1.1. Sample preparation
Initially, the Agaricus bisporus samples were selected based on their

freshness indicators, which included white appearance, maturity state,
and medium size. Whereas the Ganoderma lucidum samples were
selected based on their woody appearance, shiny surface, and maturity
characteristics. Both samples were carefully washed with distilled water
to remove any surface impurities and contaminants. Following this, the
fruiting bodies were dried using a tray dryer (Labfit India Pvt. Ltd.,
Mumbai, India) at 50 ◦C for 24 h. Post-drying, these fruiting bodies were
ground into a fine powder using a mechanical milling device (Rex 900,
Bajaj Electricals Ltd., India). The powders were then sieved through a
60-mesh mechanical sieve shaker (Labfit India Pvt. Ltd., Mumbai,
India), and the resulting powders were stored in sterilized air-tight glass
containers for further analysis.
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2.2. Methods

2.2.1. Nutritional characterization
The proximate compositions of both the macro-fungi powders were

analyzed following AOAC (2016) protocols. Moisture content was
determined by oven drying at 105 ◦C to a constant weight, then calcu-
lating dry matter yield. Crude protein was measured using the Kjeldahl
method (KJL-12 L, Pelican Equipment, Chennai) with a 4.38 nitrogen-to-
protein conversion factor. Crude fat was estimated via the Soxhlet
method using petroleum ether (40–60 ◦C) as a solvent. The residue post-
fat extraction was treated with 1.25 % sulfuric acid and 1.25 % sodium
hydroxide to determine crude fiber. Crude ash content was obtained by
incinerating samples at 550 ◦C for 3 h in a muffle furnace. Then the total
carbohydrates were estimated using the difference method, as Eq. (1)
outlined.

Total carbohydrate (%) = 100 − (Moisture content+ protein
+ fat+ ash content )

(1)

2.2.2. Mineral estimation
The mineral content of both the macro-fungi powders was analyzed

using Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-
OES; Thermo Scientific, iCAP 7000 series, Germany), as detailed in Patil
et al. (2024). Laboratory glassware was prepared by soaking in 10 %
nitric acid for 24 h, followed by rinsing with deionized water and air
drying. The ICP-OES spectrometer was calibrated using the Intelligent
Calibration and Logic (ICAL) method from Spectro Analytical In-

struments GmbH (2012). A nine-point calibration curve was generated
from serial dilutions of a multielement standard solution. Mineral con-
centrations were determined at specific emission lines: iron (238.204
nm), zinc (213.856 nm), calcium (396.847 nm), copper (324.754 nm),
magnesium (285.213 nm), sodium (589.592 nm), and potassium
(769.896 nm) using radial plasma observation. No flux or hydrochloric
acid was added during calibration to match the sample matrix prepa-
ration. Concentrations above 10 mg/L led to precipitate formation due
to chloride anions. The accuracy of measurements was verified using an
Initial Calibration Verification (ICV) control sample of 20 mg/L for iron,
zinc, and calcium, with an acceptance criterion of ±10 %. Control
samples were analyzed every ten samples to ensure measurement reli-
ability, following guidelines from Spectro Analytical Instruments GmbH
and the U.S. Environmental Protection Agency (EPA).

2.2.3. Characterizations of macro-fungi powder
Both the macro-fungi powders were characterized using various

techniques. Field emission scanning electron microscopy (FE-SEM,
JEOL-JSM-7610F) was employed to examine surface properties and
morphology, following Mat Zin et al. (2022). Samples were mounted on
carbon-coated copper tape, gold-coated via sputtering for 3 min at 30
mA, and imaged at 20.0 kV with a focal distance of 7.9–8.0 mm. Fourier
transform infrared spectroscopy (FTIR, Perkin Elmer Spectrum Two)
was used to identify functional groups in the mid-infrared range of
4000–400 cm− 1, with spectra processed using Spectrum 10 software, as
described by Akcay et al. (2023). X-ray diffraction (XRD, Bruker) was
utilized to obtain spectra within a 2θ range of 10–55◦ at a 5◦/min
scanning rate, following Shams et al. (2022). Differential scanning
calorimetry (DSC, Perkin Elmer) analyzed thermal properties by heating
samples from 30 ◦C to 450 ◦C at 10 ◦C/min under a nitrogen atmosphere,
in line with (Zhang et al., 2022). Thermogravimetric analysis (TGA

4000/Pyris 6) assessed thermal degradation from 10 ◦C to 900 ◦C at a
10 ◦C/min scanning rate in a nitrogen environment, following Tsai et al.
(2018).

2.2.4. Techno-functional properties

2.2.4.1. Bulk density. The bulk density was measured using a 10 mL
measuring cylinder Gong et al., 2022a; Gong et al., 2022b; Gong et al.,
2022c). The cylinder was weighed, filled with the powdered macro-
fungi sample, and lightly tapped until the volume remained constant,
after which the calculation was performed using Eq. (2)

Bulk density
( g
cm3

)
=

[
Weight of powder sample

Volume of sample after tapping

]

(2)

2.2.4.2. Water and oil holding capacity. Water and oil absorption ca-
pacities were evaluated according to the methodology outlined by
(Yılmaz & Zungur Bastıoğlu, 2020). A 50 mL centrifuge tube was
weighed, and 1 g of powdered sample was added, followed by 10 mL of
distilled water in one set and soybean oil in another. These mixtures
were left to stand for 30 min. The tubes were then centrifuged at 27 ◦C
for 5 min at 5000 rpm. After centrifugation, the supernatant was
removed, and the tubes with the sedimented pellets were reweighed.
The absorption capacity was calculated as grams of water or oil absorbed
per gram of sample. The capacity of the samples to bind water or oil was
quantified as grams of water or oil absorbed per gram of the sample,
calculated using Eq. (3).

2.2.4.3. Emulsifying capacity. The emulsifying capacity and stability of
the macro-fungi powders were assessed using the method by (Fan et al.,
2021). Briefly, 2 g of powdered sample was mixed with 200 mL of water
to form a 1 % (w/v) solution, then 2 mL of soybean oil (2 % v/v) was
added. The mixture was stirred at 2000 rpm for 1.5 h with a magnetic
stirrer to create a milky emulsion. The emulsion was then centrifuged at
10,000×g for 20 min. The volume of the emulsified layer was accurately
measured using a calibrated measuring cylinder, and the emulsification
efficiency was determined using a specific Eq. (4).

Emulsifying capacity (%) =

[
Emulsified volume (ml)
Total volume (ml)

×100
]

(4)

To assess emulsion stability, samples were heated to 90 ◦C in a water
bath for 20 min, then centrifuged at 10,000 ×g for 20 min. The forma-
tion of a two-phase suspension indicated emulsification capacity and
stability was determined using Eq. (5).

Emulsifyingstability(%)=

[
Heightof emulsified layerafterheating(cm)

Emulsified layerbeforeheating(cm)

×100
]

(5)

2.2.4.4. Foaming capacity and stability. The foaming ability and stability
of the powdered samples were evaluated using the method (Sharma
et al., 2023). A 2 % (w/v) solution was made by dissolving 5 g of the
sample in 200 mL of distilled water, then stirring vigorously for 5 min
with a high-speed mixer. The mixture was poured into a graduated
cylinder to measure the initial and final volumes before and after
foaming. The foaming capacity was then determined by calculating the
percentage volume increase using a specific Eq. (6).

Water and oil holding capacity (g/g) =
[
weight of centrifuge with a dry mass (g) − the weight of the centrifuge with a wet mass (g)

Initial weight of the sample

]

×100 (3)
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Foaming stability was determined by the change in initial foam
volume at 28 ◦C for 30 min and 1 h and calculated using Eq. (7).

2.2.5. Mineral bioavailability

2.2.5.1. In vitro mineral bioavailability. To evaluate the in vitro
bioavailability of iron, zinc, and calcium in both the macro-fungi pow-
ders, the following methodology (Kała et al., 2021) was employed. The
study aimed to measure the absorption and utilization efficiency of these
minerals by the human body. The experiment simulated gastrointestinal
digestion and used Caco-2 cell lines in a trans-well assay to assess
cellular absorption. The aim was to understand the bioavailability of
minerals from macro-fungi powders and highlight their potential
nutritional benefits for human health.

2.2.5.2. Simulated gastrointestinal digestion. A simulated gastrointestinal
digestion was performed according to the procedure to evaluate the
bioavailability of iron, zinc, and calcium in both the macro-fungi pow-
ders (Hu et al., 2023). The process began with mixing 5 mL of the sample
with 1.90 mL of saliva solution in a conical flask, followed by incubation
at 35 ◦C and 95 rpm for 10 min. Next, 3.1 mL of gastric juice was added,
and the pH was adjusted to 2 using hydrochloric acid (HCl). The mixture
was then incubated at 35 ◦C in the dark for 2 h to simulate gastric
digestion. Subsequently, 1.97 mL of bile juice and 5.30 mL of duodenal
juice were added to simulate intestinal digestion, with a 3 h incubation.
After digestion, the mixture was centrifuged using a 10 KDa ultrafil-
tration centrifuge tube to isolate the soluble fraction. The bioavailability
of iron, zinc, and calcium was determined based on their concentrations
in the soluble fraction, representing the proportion of each mineral
available for absorption from the macro-fungi powder.

Mineral bioavailability (%) =

[
concentration of dialysate (Permeate)

concentration of the sample

×100
]

(8)

2.2.5.3. Cellular absorption study (trans-well assay). Caco-2 cells were
cultured using the methodology (Lavanya et al., 2023). The growth
medium included 39 μg/mL Streptomycin, 25 μg/mL Amphotericin,
100 μg/mL Penicillin, 2 mM L-Glutamine, 10 % heat-inactivated fetal
bovine serum, and 1 % DMEM. Cells were incubated at 35 ◦C with 96 %
humidity and 4 % CO2 and the medium was replaced every other day.
The cells were passaged at approximately 90 % confluence, typically
within 7–8 days, using 0.05 % EDTA and 0.5 % trypsin. At the 39th
passage, cells were seeded at 50,000 cells per well in six-well plates with
sterile polyester membranes (24 mm diameter, 0.4 μm pore size) for
mineral absorption assays. Differentiation occurred in a CO2 incubator,
with the medium refreshed every other day and cells washed five times
with PBS. After an initial 4–5 days, cells underwent a 10-day

differentiation period before the transepithelial cellular absorption
assay was conducted.

2.2.5.4. Valuation of cell monolayer integrity. Regular assessments of the
morphological properties and impurity detection in Caco-2 cells were
conducted using inverted light microscopy (Saxami et al., 2021). Once
the cells achieved full coverage, their quality was further evaluated with
a phenol red dye test. Following cell washing, 2 mL of PBS (phosphate-
buffered saline) was added to the lower compartment, and 2 mL of
DMEM containing phenol red dye was added to the upper compartment.
After an incubation period, a 100 μL sample was collected from both
compartments. The amount of phenol red that permeated into the lower
compartment was quantified using an automated ELISA plate reader
(Beckman Coulter, Brea, USA) at a wavelength of 558 nm.

2.2.5.5. Transport studies of mineral. Pre-washed cells were exposed to
2 mL of DMEM containing 50 μM mineral dialysate from simulated
gastrointestinal digestion to study the transepithelial transport of min-
erals (Nambafu et al., 2023). This medium was added to the upper
surface of the cells, while 2 mL of DMEM was added to the lower
compartment. After a 3 h incubation at 37 ◦C, the DMEM was removed
to evaluate mineral absorption across the cell line. The cells were then
cultured for an additional 22 h to induce ferritin synthesis. Mineral
transfer across the cellular barrier from both compartments was
analyzed using the ICP-OES method.

2.2.5.6. Ferritin content. To evaluate the cellular ferritin accumulation,
pre-washed cells were detached using trypsin further collected, and re-
suspended in 2 mL of cell-grade water. The cells were then lysed using
a probe sonicator at 4 ◦C for 2 min, with 5 s pulses to release intracellular
ferritin. The ferritin content was quantified using a Human Ferritin
ELISA kit (Thermo Fisher Scientific). In this assay, the cell lysates were
added to ELISA plate wells previously coated with ferritin-specific an-
tibodies. After incubation, unbound materials were washed away, and a
detection antibody conjugated with an enzyme was added to bind
ferritin. A substrate (Tetramethylbenzidine) was introduced to generate
a color change, which was proportional to the ferritin concentration.
The reaction was stopped, and absorbance was recorded at 450 nm,
allowing ferritin levels to be quantified using a standard curve based on
known ferritin concentrations.

2.2.6. Photocatalytic dye degradation potential of macro-fungi species
The dye reduction effectiveness of powdered macro-fungi samples

through photocatalysis was tested following a modified version of the
procedure by (Manimaran et al., 2023). Two dyes, Eosin Y (anionic) and
Malachite Green (cationic), each at 10 ppm concentration, were used.
The degradation capacity was assessed under direct sunlight and UV
light (Philips, 150 W, 200–280 nm) in the presence of the macro-fungi
powder. The dye and macro-fungi powder mixture was magnetically
stirred at 150 rpm in the dark for 30 min to establish absorption and

Foaming capacity (%) =

[
Volume of foam after whipping (mL) − the volumefoam before whipping (mL)

The volume foam before whipping (mL)
×100

]

(6)

Foaming stability (%) =

[
Volume after resting (30 min) − volume before resting

Volume before resting
× 100

]

(7)
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desorption equilibrium before light exposure. A solution containing 25
mL of dye and 100 mg of macro-fungi powder was continuously stirred
in a conical flask. The solutions were then exposed separately to UV light
and sunlight. Aliquots of 2 mL were taken at 10-min intervals, and
centrifuged at 10,000 ×g for 15 min, and the remaining dye concen-
tration was measured using UV–visible spectroscopy (Shimadzu UV-
1800, Japan) to determine degradation efficiency. The dye degrada-
tion efficiency (%) was calculated using Eq. (9).

Dye degradation efficiency (%) = [Co/Ct ×100 ] (9)

where ‘C0’ and ‘Ct’ were the initial and remaining dye concentrations
(mg L− 1) of the aqueous solution in a given time, respectively. The ki-
netics study of the photocatalytic decolorization rate of Eosin Y and
Malachite green was determined using the Langmuir Hinshelwood ki-
netics model as given in Eq. (10).

ln
Co

Ct
= kt (10)

2.3. Statistical analysis

All experiments were conducted with a minimum of three indepen-
dent determinations, and the results are reported as mean ± standard
deviation. Statistical analysis was performed using one-way ANOVA and
Duncan’s multiple-range tests to identify significant differences. Mean
comparisons were made using the critical difference (CD value), utiliz-
ing the data analysis tool pack in Microsoft Excel® 2019 (Microsoft
Corp., Redmond, USA). Average values and standard deviations were
also calculated using this software.

3. Results and discussions

3.1. Proximate analysis

The proximate compositions of A. bisporus and G. lucidum powder are
presented in Table.1. The higher moisture content in A. bisporus (69.49
± 0.62 %) compared to G. lucidum (58.87 ± 0.28 %) is influenced by
factors such as harvesting time, maturation period, and the specific
humidity and temperature conditions during growth, as well as storage

conditions (Petre & Teodorescu, 2020a; Petre & Teodorescu, 2020b;
Tang et al., 2021). A. bisporus is typically grown in a more controlled,
moisture-rich environment, whereas G. lucidum grows in drier, tougher
substrates, resulting in lower moisture content. The shelf life of macro-
fungi is greatly influenced by the measurement of the moisture content.
However, the higher protein content in A. bisporus (12.51 ± 0.21 %)
than that of G. lucidum (11.08 ± 0.84 %) can be attributed to its culti-
vation in nutrient-rich substrates, which promote protein synthesis. The
significant difference in ash content, with A. bisporus having higher
levels (6.68 ± 0.22 %) than G. lucidum (4.43 ± 0.47 %), reflects the
mineral content of their respective growing mediums and the metabolic
processes specific to each species. Both macro-fungi exhibit low-fat
content, which is typical of macro-fungi, but the fiber content is
significantly higher in G. lucidum (15.53 ± 0.35 %) compared to
A. bisporus (5.66 ± 0.42 %) due to the tougher, more fibrous structure of
G. lucidum, which aids in its survival in harsh environments. Moreover,
the higher carbohydrate content in G. lucidum (4.52 ± 0.26 %) than in
A. bisporus (3.57 ± 0.35 %) could be related to its need for energy
storage in its challenging growth conditions. These differences illustrate
the impact of species-specific traits, environmental conditions, and
growth substrates on the nutritional profiles of these macro-fungi
(Kalač, 2016a; Kalač, 2016b). This aligns with Breene’s (1990)
research, which found that macro-fungi typically comprise about 90 %
water, with proteins ranging from 10 % to 40 %, fats between 2 % and 8
%, carbohydrates making up 3 % to 28 %, fiber from 3 % to 32 %, and
ash constituting 8 % to 10 %. However, variations in climate, species,
and geographical regions can influence these values.

3.2. Mineral content

Certain mineral components from A. bisporus and G. lucidum are
shown in Table. 2, measured in parts per million with significant dif-
ferences in their nutritional profiles. The mineral analysis of G. lucidum
revealed significantly higher levels of iron 24.6341 ± 0.87 ppm, zinc
7.9673 ± 0.39 ppm, and potassium 4332.6945 ± 26.94 ppm, making it
a superior source for these minerals, which are essential for immune
function, cardiovascular health, and muscle contraction. In contrast,
A. bisporus exhibits significantly higher concentrations of calcium
36.2984 ± 0.98 ppm, copper 59.9117 ± 0.47 ppm, magnesium 89.8255
± 0.72 ppm, and sodium 49.9824 ± 0.81 ppm. The significant differ-
ences in mineral content in both the macro-fungi can be attributed to
genetic variability, growth environment, physiological differences,
nutritional strategies, and evolutionary adaptations. Each species holds
distinct metabolic pathways influenced by their genetic makeup,
affecting how they uptake, accumulate, and store minerals. The sub-
strates on which these fungi grow, such as wood for G. lucidum and
compost for A. bisporus, significantly impact their mineral content
(Valverde et al., 2015a; Valverde et al., 2015b). Additionally, the
mycelial structure, growth rate, and specific saprotrophic behaviors of
each species contribute to these differences. The evolutionary pressures
have resulted in selective uptake mechanisms that enable each fungus to
flourish within its ecological niche and accumulate minerals advanta-
geous for its survival and medicinal attributes. Consequently, G. lucidum
exhibits higher levels of iron, zinc, and potassium, while A. bisporus
showed greater concentrations of calcium, copper, magnesium, and
sodium highlighting the health benefits. (Haro et al., 2020a; Haro et al.,
2020b; Haro et al., 2020c) determined Ca, Mg, K, Na, Fe, Cu, and Zn
from 18 species of wild-growing mushrooms and suggested a high
content of Fe in various mushroom species.

3.3. Structural characterization

3.3.1. Field emission scanning Electron microscope
The morphology and microstructure of the A. bisporus and G. lucidum

powder were examined using scanning electron microscopy and results
are presented in Fig. 1A. The micrographs of A. bisporus exhibit a

Table 1
Proximate compositions of Ab (Agaricus bisporus) and Gl (Ganoderma lucidum).

Agaricus bisporus Ganoderma lucidum

Moisture (%) 69.49 ± 0.62b 58.87 ± 0.28a

Ash (%) 6.68 ± 0.22b 4.43 ± 0.47a

Fat (%) 1.58 ± 0.43b 1.56 ± 0.29a

Fiber (%) 5.66 ± 0.42a 15.53 ± 0.35b

Protein (%) 12.51 ± 0.21b 11.08 ± 0.84a

Carbohydrate 3.57 ± 0.35a 4.52 ± 0.26b

Results are expressed as mean (n = 3) ± standard deviation. The uppercase
letters a and b denote differences with in a row and values followed by the same
letter in a row do not differ significantly (p < 0.05).

Table 2
Mineral content of Agaricus bisporus and Ganoderma lucidum.

Minerals Agaricus bisporus (ppm) Ganoderma lucidum (ppm)

Iron 5.9384 ± 0.34a 24.6341 ± 0.87b

Zinc 6.4317 ± 0.24a 7.9673 ± 0.39b

Calcium 36.2984 ± 0.98b 19.8314 ± 0.81a

Copper 59.9117 ± 0.47b 24.9313 ± 0.62a

Magnesium 89.8255 ± 0.72b 78.7325 ± 0.88a

Sodium 49.9824 ± 0.81b 29.7688 ± 0.79a

Potassium 4159.2387 ± 23.97a 4332.6945 ± 26.94b

Results are expressed as mean (n = 3) ± standard deviation. The uppercase
letters a and b denote differences with in a row and values followed by the same
letter in a row do not differ significantly (p < 0.05).
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smoother surface with densely packed microstructures and the presence
of individual spherical particles with different sizes in diameter
distributed evenly without clustering together at 1000 × magnification
(Du et al., 2018a; Du et al., 2018b). However, the micrographs of
G. lucidum exposed a rougher texture with distinct features like pores or
ridges reflecting its role in nutrient absorption. Focusing on its spores
and mycelial structures showing a predominantly fibrous morphology
characterized by extensive interlinking at 1000 ×magnification (Huang
et al., 2019a; Huang et al., 2019b). Especially, the mycelium contained
septa and showed early signs of spore germination. The spores them-
selves displayed textured surfaces at their points of germination; these
observations showed that G. lucidum grows radially without the

formation of upward-reaching hyphae. The processing methods such as
grinding further influence the differences with A. bisporus undergoing
more uniform grinding while the fibrous nature of G. lucidum leads to
more fragmented and uneven particles. Ozel and Elibol (2024) deter-
mined the surface morphology of chitin chitosan, a major component of
macro-fungi.

3.3.2. Differential scanning calorimetry
The differential scanning calorimetry thermogram of the A. bisporus

and G. lucidum powder revealed the endothermic transition that may be
due to the water loss and thermal degradation of polysaccharides
Fig. 1B. The thermogram of A. bisporus powder exhibits higher onset

Fig. 1. A. Scanning electron microscopy (SEM) of Ab (Agaricus bisporus) and Gl (Ganoderma lucidum), B. Differential scanning calorimetry (DSC) thermograms of Ab
(Agaricus bisporus) and Gl (Ganoderma lucidum), C. Thermogravimetric analysis (TGA) of Ab (Agaricus bisporus) and Gl (Ganoderma lucidum), D. Fourier transform
infrared spectroscopy of Ab (Agaricus bisporus) and Gl (Ganoderma lucidum), E. X-ray diffraction (XRD) of Ab (Agaricus bisporus) and Gl (Ganoderma lucidum)
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Fig. 1. (continued).

V. Singh et al. Food Chemistry: X 24 (2024) 101937 

7 



(229.06 ◦C), peak (265.12 ◦C), and end temperatures (296.46 ◦C) with a
total heat absorption of − 191.6696 J/g indicating greater thermal sta-
bility. This stability suggests that A. bisporus consists of more thermally
stable components such as proteins and polysaccharides that require
higher temperatures to decompose. The compact and dense micro-
structure of A. bisporus further contributes to its higher thermal resis-
tance (Zheng et al., 2020a; Zheng et al., 2020b). In contrast, the
thermogram of G. lucidum powder shows lower onset (29.36 ◦C), peak
(62.93 ◦C), and end temperatures (101.78 ◦C) with a much higher heat
absorption (292.4352 J/g). The lower onset temperature indicates that
G. lucidum begins to decompose at much lower temperatures reflecting
the presence of more thermally labile compounds. The higher heat ab-
sorption suggests thatG. lucidum possesses complex molecular structures
such as higher fiber content and intricate polysaccharides which require
more energy to break down during thermal decomposition (Liu et al.,
2018a; Liu et al., 2018b). These complex molecules decompose over a
broader temperature range leading to the higher overall energy ab-
sorption. Shams et al. (2022) noted that incorporating A. bisporus
powder improved the physiochemical and functional properties of
cookies.

3.3.3. Thermogravimetric analysis
The thermal stability of A. bisporus and G. lucidum powder was

evaluated utilizing thermogravimetric analysis and the results are rep-
resented in Fig. 1C. For A. bisporus, the TGA curve shows a significant
weight loss of 93.45 % indicating extensive decomposition. This sub-
stantial thermal decomposition is primarily due to the loss of moisture,
and volatiles, and the breakdown of organic components such as car-
bohydrates, proteins, and lipids. The peaks in the derivative weight %
curve correspond to specific temperatures at which these components
decompose highlighting the multi-stage nature of its thermal degrada-
tion process (Ying et al., 2019a; Ying et al., 2019b). In contrast,
G. lucidum exhibits slightly higher thermal stability with a total weight
loss of 97.825 %. The higher total weight loss percentage suggests that
while a larger portion of the sample decomposes it does so more grad-
ually and over a broader temperature range reflecting better thermal
stability (Guo et al., 2021a; Guo et al., 2021b). This higher stability can
be attributed to the compositional differences between the two species.
G. lucidum likely contains a higher proportion of thermally resistant
compounds such as complex polysaccharides, lignin-like substances, and

chitin which are known to degrade at higher temperatures and more
slowly compared to the simpler organic compounds found in A. bisporus.
Similar findings were observed by (Kim et al., 2021a; Kim et al., 2021b;
Kim et al., 2021c) characterization of chitin-glucan complexes derived
from mushrooms.

3.3.4. Fourier transform infrared spectroscopy (FT-IR)
Functional groups of molecular components of Agaricus bisporus and

Ganoderma lucidum powder were determined using FTIR analysis and
the FTIR spectra represented in Fig. 1D. The spectra of G. lucidum, the
peak at 3668.00 cm− 1 and in A. bisporus at 3272.34 cm− 1 indicate hy-
droxyl groups suggesting higher alcohol or phenolic content in
G. lucidum. Peaks around 2903.00 cm− 1 for G. lucidum and 2935.12
cm− 1 for A. bisporus indicate CH stretching vibrations typical of -CH2- or
-CH3 groups. The amide I band linked to proteins or peptides appears at
1641.80 cm− 1 for G. lucidum and 1627.50 cm− 1 for A. bisporus. The
fingerprint region below 1500.00 cm− 1 shows unique peaks for each
macro-fungi such as 1251.5 cm− 1 and 892.32 cm− 1 for G. lucidum and
1078.91 cm− 1 and 1020.22 cm− 1 for A. bisporus highlighting their mo-
lecular diversity (Reis et al., 2017a; Reis et al., 2017b). These differences
suggest variations in polysaccharides, lipids, and secondary metabolites
as supported by Y. Zhang et al. (2024), who found appreciable O–H
groups enhancing adsorption performance in macro-fungi.

Table 3
Techno-functional properties of Ab (Agaricus bisporus) and Gl (Ganoderma
lucidum).

Agaricus bisporus Ganoderma lucidum

Bulk density (g/cm3) 0.45 ± 0.25a 0.52 ± 0.28b

Water holding capacity (g/g) 2.67 ± 0.24a 3.03 ± 0.05b

Oil holding capacity (g/g) 2.58 ± 0.34a 3.25 ± 0.12b

Emuslifying activity (%) 61.47 ± 0.35b 59.52 ± 0.38a

Emulsifying stability (%) 68.26 ± 0.52b 65.52 ± 0.34a

Foaming capacity (%) 62.59 ± 0.35b 59.50 ± 0.28a

Foaming stability (%) 58.35 ± 0.27a 59.56 ± 0.23b

Results are expressed as mean (n = 3) ± standard deviation. The uppercase
letters a and b denote differences with in a row and values followed by the same
letter in a row do not differ significantly (p < 0.05).

Fig. 1. (continued).
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3.3.5. X-ray diffraction (XRD)
The differences in the powder properties of A. bisporus and

G. lucidum, as revealed by X-ray diffraction (XRD) analysis provide a
detailed view in Fig. 1E attributed to their distinct biochemical com-
positions and crystalline structures. Herein, A. bisporus showed
numerous sharp peaks in the XRD spectrum indicating a highly crys-
talline structure with well-defined stable components such as sodium

iron 4-(2-pyridyl azo) resorcinol dihydrate with a triclinic lattice
structure. This crystalline nature is a result of its specific mineral content
and the orderly arrangement of its molecular components. The presence
of such sharp peaks signifies the presence of a regular, repeating crys-
talline lattice which is typical for compounds with a high degree of
crystallinity and structural stability (Hassan et al., 2020a; Hassan et al.,
2020b). Whereas, G. lucidum exhibits a different set of peaks including

Fig. 2. A. Mineral bioavailability (%), B. Mineral transport, retention, and uptake. The results were expressed as the mean ± standard deviation of (n = 3) inde-
pendent replicates, and error bars represent the standard deviation from the mean values, while different lowercase letters (a and b) above each bar represent
significantly different (p < 0.05) values based on analysis of variance (ANOVA) and t-tests.
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both sharp and blunt peaks. This pattern reflects the presence of a va-
riety of bioactive components such as triterpenoids and polysaccharides
which contribute to its unique biochemical composition. The sharp
peaks indicate regions of high crystallinity, while the blunt peaks sug-
gest amorphous or less-ordered regions within the material (Cao et al.,
2021a; Cao et al., 2021b). This combination indicates that G. lucidum has
a more complex and heterogeneous structure with both crystalline and
amorphous phases. The polysaccharides tend to form semi-crystalline or
amorphous regions due to their large, complex, and irregular molecular
structures. These findings align with Gao, Chang, et al. (2023); Gao, Li,
et al. (2023), who studied the structural characteristics of glycoproteins
in shiitake mushrooms.

3.4. Functional properties

3.4.1. Bulk density
The bulk density measured in g/cm3 indicates a substance’s

compactness as shown in Table 3 in which A. bisporus possessed a lower
bulk density of 0.45 ± 0.25 g/cm3 suggesting a lighter, less compact
structure (Tian et al., 2019a; Tian et al., 2019b). Whereas, G. lucidum
exhibits a higher bulk density of 0.52 ± 0.28 g/cm3 reflecting its
tougher, more fibrous nature, and lower water content (Yang et al.,
2019a; Yang et al., 2019b). The results are consistent with the research
conducted by Zhang et al. (2024), which examined the bulk density of
different mushroom species.

3.4.2. Water and oil holding properties
The water-holding capacity (WHC) and oil-holding capacity (OHC)

of A. bisporus and G. lucidum reveal notable differences as shown in
Table 3. Herein, A. bisporus has a WHC of 2.67 ± 0.24 % and an OHC of
2.58 ± 0.34 % indicating a balanced affinity for water and oil which is
an important parameter for texture, flavor, and nutrition. However,
G. lucidum exhibits significantly higher values with a WHC of 3.03 ±

0.05 % and an OHC of 3.25 ± 0.12 % likely due to its rich poly-
saccharide content which enhances water retention. The difference in
these capacities is influenced by factors such as amino acid composition,
protein molecular weight, and surface polarity. Additionally, foods
exhibiting high oil binding values preserve desirable texture and inhibit
the loss of oil and aromatic compounds. Polysaccharides and proteins in
these macro-fungi increase their capacity for water affinity and reten-
tion. Likewise, Yılmaz and Zungur Bastıoğlu (2020) noted the drying
impact on macro-fungi properties.

3.4.3. Emulsifying capacity and stability
The emulsifying activity and stability of A. bisporus and G. lucidum

have been shown in Table. 3 highlighting their potential as natural
emulsifiers. Herein, A. bisporus exhibits a significantly higher emulsi-
fying capacity (61.47 ± 0.35 %) compared to G. lucidum (59.52 ± 0.38
%) majorly due to its superior protein extracts with better surface-active
properties. The difference in these properties helps reduce the interfacial
tension between oil and water facilitating stable emulsion formation.
Moreover, A. bisporus also shows significantly higher emulsion stability
(68.26 ± 0.52 %) than that of G. lucidum (65.52 ± 0.34 %). This aligns
with the findings of Smith et al. (2022) who studied the emulsifying
properties of Ganoderma species powders.

3.4.4. Foaming capacity and stability
The foaming properties of A. bisporus and G. lucidum were compared

and shown in Table. 3 revealing that A. bisporus significantly has a
higher foaming capacity (62.59 ± 0.35 %) than G. lucidum (58.35 ±

0.27 %). This suggests that A. bisporus proteins may better reduce sur-
face tension resulting in stable foam formation. While G. lucidum ex-
hibits significantly greater foaming stability (59.56 ± 0.23 %) than
A. bisporus 58.35 ± 0.27 % due to its unique surface-active compounds
creating more elastic films at the air-water interface. These foaming
properties are crucial for the texture and quality of food products, as

noted by Jin et al. (2022) in their study of Pleurotus geesteranus proteins.

3.5. In-vitro mineral bioavailability

The in vitro mineral bioavailability differences between A. bisporus
and G. lucidum powders stem from their distinct mineral compositions,
binding components, structural characteristics, and interactions with
digestive conditions. G. lucidum’s higher levels of iron (24.6341 ± 0.87
ppm), zinc (7.9673 ± 0.39 ppm), and potassium (4332.6945 ± 26.94
ppm) which are essential for immune function and cardiovascular
health. However, the higher level of calcium in A. bisporus (36.2984 ±

0.98 ppm), copper (59.9117 ± 0.47 ppm), magnesium (89.8255 ± 0.72
ppm), and sodium (49.9824 ± 0.81 ppm) supports the bone health and
metabolic processes. Moreover, in G. lucidum polysaccharides and tri-
terpenoids can enhance or inhibit mineral absorption by forming soluble
or insoluble complexes, while protein and amino acids in A. bisporus
may enhance bioavailability through chelation. The fibrous structure of
G. lucidum slows digestion but promotes sustained mineral release
whereas the compact structure of A. bisporus may facilitate quicker
digestion and faster mineral release. The interplay of these character-
istics, together with the mineral content of each species and its inter-
action with digestive pH and enzymes, collectively affects the
effectiveness of mineral absorption and utilization from these macro-
fungi powders. These findings indicate that both macro-fungi offer
unique therapeutic benefits, making them valuable dietary additions.
Haro et al. (2020a); Haro et al. (2020b); Haro et al. (2020c) also noted
high iron content in various wild-growing mushrooms.

3.5.1. Mineral uptake by Caco-2 cells
The mineral uptake by Caco-2 cells between A. bisporus and

G. lucidum powder is shown in Fig. 2. B revealed by the trans-well assay
following simulated gastrointestinal digestion which can be attributed
to their unique biochemical compositions and specific mineral-binding
properties. G. lucidum demonstrated significantly higher iron transport
(21.05 ± 0.03 %) but lower retention compared to A. bisporus despite
both exhibiting similar iron uptake (55.09 ± 0.06 %). This suggests that
iron content in G. lucidum may be more bioavailable initially but less
stable for cellular retention due to the presence of polysaccharides and
triterpenoids that enhance iron solubility and initial transport but do not
facilitate retention. However, A. bisporus with higher protein and
organic acid content may better stabilize iron within cells improving
retention. For zinc, A. bisporus exhibited significantly higher transport
(23.07 ± 0.09 %) majorly due to its protein content aiding in zinc
chelation and transport. Moreover, G. lucidum showed significantly
greater retention (51.28 ± 0.06 %) and similar uptake (52.06 ± 0.04 %)
indicating that its polysaccharides and fibrous structure may create a
more controlled release of zinc, facilitating higher cellular retention.
Regarding calcium, G. lucidum displayed significantly lower transport
(23.73 %) but higher retention (53.71± 0.03%) and comparable uptake
(54.05 ± 0.11 %). The high retention of calcium in G. lucidum could be
due to its complex polysaccharides and fibrous components that

Table 4
Ferritin synthesis in Caco-2 cells from Ab (Agaricus bisporus) and Gl (Ganoderma
lucidum).

Ferritin synthesis in Caco2 cells

ng ferritin. mg cell
protein− 1

ng ferritin. mg cell protein− 1. g
sample− 1

Media 2.51 ± 0.04 –
Agaricus bisporus 25.17 ± 0.52a 130.38 ± 0.49a

Ganoderma
lucidum

28.68 ± 0.61b 141.55 ± 0.56b

Results are expressed as mean (n = 3) ± standard deviation. The uppercase
letters a and b denote differences with in a column and values followed by the
same letter in a column do not differ significantly (p < 0.05).
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Fig. 3. Photocatalytic dye reduction (A) UV–visible spectra of Eosin Y dye under sunlight for Ab (B) % Degradation of Eosin Y dye under sunlight for Ab (C)
UV–visible spectra of Eosin Y dye under sunlight for GL (D) % Degradation of Eosin Y dye under sunlight for GL (E) UV–visible spectra of Eosin Y dye under UV-light
for Ab (F) % Degradation of Eosin Y dye under UV-light for Ab (G) UV–visible spectra of Eosin Y dye under UV for GL (H) % Degradation of Eosin Y dye under UV for
GL (I) UV–visible spectra of Malachite green dye under sunlight for Ab (J) % Degradation of Malachite green dye under sunlight for Ab (K) UV–visible spectra of
Malachite green dye under UV-light for GL (L) % Degradation of Malachite green dye under UV-light for GL (M) UV–visible spectra of Malachite green dye under
sunlight for GL (N) % Degradation of Malachite green dye under sunlight for GL (O) UV–visible spectra of Malachite green dye under UV-light for Ab (P) %
Degradation of Malachite green dye under UV-light for Ab. The results are expressed as mean (n = 3) ± standard deviation. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. (continued).
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Fig. 3. (continued).
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gradually release calcium, enhancing cellular retention. A. bisporus, with
its different mineral-binding properties facilitates faster transport but
less retention due to quicker release and absorption dynamics. These
findings suggest that G. lucidum enhances zinc and calcium bioavail-
ability due to superior retention mechanisms majorly facilitated by its
unique polysaccharide content and fibrous structure, whereas
A. bisporus improves iron status through higher retention potentially due
to its protein and organic acid interactions. Combining both macro-fungi
in the diet could optimize the bioavailability of these essential minerals

which usually maximize the strengths of each species for improved
overall mineral absorption and retention. The study of Kała et al. (2021)
found the bioavailability of phenolic compounds and elements in
various edible mushroom mycelia.

3.5.2. Ferritin content
The ferritin content was determined to observe the storage of iron in

cells. The measurement of cellular uptake was measured as the ratio of
ferritin to cell protein (ng ferritin/mg cell protein) and the results are

Fig. 3. (continued).
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represented in Table 4. The present study demonstrates that there was a
significant increase (p < 0.05) in the synthesis of ferritin in CaCo-2 cells
upon exposure to G. lucidum and A. bisporus powder which showed a
comparable factor related to their distinct biochemical compositions and
mineral-binding properties. The study shows that G. lucidum significantly
enhances ferritin synthesis (28.68 ± 0.62 ng ferritin/mg cell protein) as
compared to A. bisporus (25.17 ± 0.52 ng ferritin/mg cell protein). This
increased ferritin synthesis with G. lucidum is majorly due to its higher
iron transport efficiency and the presence of bioactive components that
facilitate iron storage within cells. Moreover, G. lucidum contains higher
levels of polysaccharides and triterpenoids which may enhance iron sol-
ubility and bioavailability leading to more efficient cellular uptake and
storage. These bioactive compounds can form complexes with iron aiding
its transport across the cell membrane and its incorporation into ferritin,
the primary intracellular iron storage protein. The higher overall cell
protein content with G. lucidum (141.55 ± 0.56 mg) to that of A. bisporus
(130.38 ± 0.49 mg) also suggests that G. lucidum may promote better
overall cellular health and protein synthesis providing a conducive
environment for increased ferritin production. While A. bisporus effective
in enhancing iron uptake and storage may have different mineral-binding
properties and less pronounced effects on cellular protein synthesis
resulting in significantly lower ferritin levels. The proteins and organic
acids in A. bisporus aid in iron transport and stabilization within cells but
they may not enhance ferritin synthesis to the same extent as the com-
ponents in G. lucidum. Additionally, the findings are supported by other
studies such as Oyetayo et al. (2021) highlighting the nutrient content and
antioxidant activity of fungi enriched with minerals like zinc and iron,
emphasizing the role of specific bioactive compounds in enhancing
mineral bioavailability and storage.

3.6. Photocatalytic dye degradation

The present comparative research has been done to explore the po-
tential of two different mushroom species including Agaricus bisporus and
Ganoderma lucidum to degrade harmful dyes namely Eosin Y and Mala-
chite Green, which are widely used in industries like textiles and can be
difficult to break down in natural environments. By analyzing the UV–Vis
absorption spectrum by analyzing the UV–Vis absorption spectrum as
shown in Figs. 3(A-O). The degradation efficiency of both macro-fungi
significantly improves when exposed to UV–visible light. Under sun-
light, A. bisporus demonstrated a strong ability to degrade Eosin Y by
about 70–80 % and Malachite Green by 65–75 %. The results shown in
Fig. 3B and J highlight the mushroom’s natural capacity to reduce the
presence of dye. Meanwhile, G.lucidum outperformed A. bisporus by
achieving a 75–85% degradation rate for Eosin Y (Fig. 3D) and a 70–80%
reduction for Malachite Green (Fig. 3N). The higher degradation per-
centages of G. lucidum suggest it might be more suited to degrade these
dyes, even under natural light. Moreover, when the study was performed
under UV–visible light, the degradation efficiency improved significantly
A. bisporus degraded both Eosin Y and Malachite Green by about 80–90 %
as shown in Fig. 3F and P, respectively. However, G. lucidum surpassed by
degrading both dyes by 85–955 under UV–visible conditions (Fig. 3H and
L). This marked improvement under UV–visible light can be attributed to
the higher energy and more suitable wavelength of this light source,
which is capable of better achieving the photocatalysts present in the
macro-fungi. Several factors are attributed to the activity of G. lucidum as
compared to A. bisporus in degrading these dyes as it contains a higher
concentration of ligninolytic enzymes like laccases and peroxidases,
which are highly effective at breaking down complex dye molecules.
These enzymes provide G. lucidum with a biochemical edge, making it
more efficient in attempting both Eosin Y and Malachite Green. In addi-
tion to enzyme concentration, G. lucidum leads to superior photocatalytic
properties. It generates a higher quantity of reactive oxygen species (ROS)
under UV–visible light, which plays a critical role in oxidative dye
degradation. The physical characteristics of G. lucidum such as its larger
surface area and higher porosity further enhance this process by

providing more active sites for dye interaction. The study aligns with the
findings by (Dias et al., 2022) studied the effect of Cordyceps militaris zinc
oxide-based nanoparticles to degrade the hazardous dye methylene blue
by about 97 % in the presence of UV–visible radiation.

4. Conclusion

In conclusion, macrofungi including Agaricus bisporus and Gano-
derma lucidum exhibit considerable potential in diverse fields such as
food technology, pharmaceuticals, environmental bioremediation, and
sustainable materials science. The evaluation of in vitro mineral
bioavailability and cellular mineral uptake of major nutrients like iron,
zinc, and calcium from macrofungi powder has not only enhanced our
understanding of their nutritional profile but also provided new insights
into their role in human health. Both species are rich in bioactive
compounds with therapeutic properties, positioning them as valuable
ingredients in functional foods and nutraceuticals. Additionally, this
study has expanded the scope of bioremediation by demonstrating the
effective photocatalytic degradation of synthetic dyes such as Eosin Y
and Malachite Green using powdered macro-fungi exposed to sunlight
and UV irradiation. This novel application highlights the potential of
these fungi in waste water purification and environmental detoxifica-
tion, offering cost-effective and sustainable solutions for reducing in-
dustrial pollution and contributing to cleaner aquatic ecosystems. The
study thus brings the gap between food technology and environmental
sustainability, opening avenues for further research in bioremediation,
nutraceuticals, and green technologies. By integrating the functional
properties of macro-fungi into various industrial applications, the
research contributes significantly to existing knowledge, offering inno-
vative strategies for addressing global challenges in both health and
environmental protection.
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