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1. Introduction

Hormone replacement therapy (HRT) is a widely used treatment
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Conventional hormone replacement therapy (HRT) and hormone-dependent cancer treatments face
significant challenges, including poor bioavailability, rapid metabolism, and adverse side effects of
progesterone, as well as limited targeting efficiency and systemic toxicity. To address these issues, this
study develops an innovative progesterone—-reishi mushroom (Ganoderma lucidum) composite, leveraging
the natural bioactive properties of reishi mushrooms to enhance therapeutic efficacy. The composite was
prepared by encapsulating progesterone within the reishi mushroom matrix, achieving a high loading
efficiency of 98.10%. Characterization using FTIR, SEM, XRD, and UV-Vis confirmed successful
encapsulation and interaction between progesterone and the mushroom matrix. In vitro release studies
demonstrated a sustained and controlled release profile, with 88.25% of progesterone released over 48
hours, compared to the rapid and complete release of free progesterone within 2—-4 hours. Kinetic
modeling revealed a non-Fickian diffusion mechanism, indicating a synergistic interaction between the
hormone and the mushroom matrix. /n vitro cytotoxicity assays on MCF-7 breast cancer cells showed that
the composite exhibited enhanced anticancer activity, with an ICso of 81.11 ug mL™, significantly lower
than free progesterone (ICso = 123.12 pg mL™Y. Molecular docking studies highlighted the strong binding
affinities of ganoderic acid A (a bioactive compound from reishi mushrooms) and progesterone with key
receptors (PCL-2, PI3K, PR, ERa), suggesting potential synergistic effects in hormone regulation and cancer
inhibition. Antimicrobial assays revealed the composite’'s potent activity against Gram-positive pathogens,
such as Streptococcus agalactiae (MIC = 41.60 pg mL™Y) and Staphylococcus aureus (MIC = 52.10 pg
mL™Y, with bactericidal effects (MBC/MIC < 4). Accelerated stability testing (40 + 2 °C/75 + 5% RH, 6
months) showed >94% progesterone retention, sustained release, stable colloidal properties, and minimal
loss of antimicrobial activity against bacteria and Candida albicans, confirming its stability and efficacy. This
research demonstrates the promise of combining natural bioactive compounds with synthetic hormones
for targeted, effective therapies. The progesterone—reishi mushroom composite offers a dual-action
approach, integrating hormonal regulation with anticancer and antimicrobial properties, paving the way for
novel treatments in women'’s health and cancer therapy.

osteoporosis, and mood disorders." Progesterone, a key
hormone in HRT, plays a critical role in regulating the
menstrual cycle and maintaining pregnancy.”> However,

for managing menopausal symptoms, including hot flushes,
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bioavailability, rapid metabolism, and undesirable side effects
such as weight gain, bloating, and increased risk of cardiovas-
cular events.** These limitations underscore the need for
innovative delivery systems that can enhance progesterone's
therapeutic efficacy while minimizing its adverse effects. Simi-
larly, hormone-dependent cancers, such as breast cancer,
represent a significant global health burden.® Progesterone has
shown promise in modulating hormone receptors and inhibit-
ing tumor growth in certain cancers.*” However, its clinical
application is limited by systemic toxicity and poor targeting
efficiency. Natural bioactive compounds, particularly those
derived from medicinal mushrooms, have gained attention for
their anticancer, immunomodulatory, and anti-inflammatory
properties.®* Among these, the reishi mushroom (Ganoderma
lucidum) stands out for its rich composition of triterpenoids,
polysaccharides, and other bioactive molecules that exhibit
potent anticancer and hormone-regulating effects.>'® Despite
these benefits, the therapeutic potential of reishi mushrooms is
often constrained by poor solubility and bioavailability,™
highlighting the need for innovative formulations to harness
their full potential. The integration of natural bioactive
compounds with synthetic or semi-synthetic drugs, such as
progesterone, offers a promising strategy to address these
challenges. Encapsulation of bioactive compounds within
natural matrices, such as the fruiting body of reishi mush-
rooms, can enhance their stability, bioavailability, and targeted
delivery.'> Moreover, the synergistic effects of progesterone and
reishi mushrooms could provide a dual-action therapeutic
approach, combining the hormonal regulation of progesterone
with the immunomodulatory and anticancer properties of
reishi mushrooms. This study aims to develop an innovative
encapsulated formulation of progesterone within the fruiting
body of reishi mushrooms, leveraging the natural bioactive
properties of the mushroom to enhance progesterone's thera-
peutic efficacy. The resulting composite is expected to address
the limitations of conventional HRT and hormone-dependent
cancer therapies by providing a safe, natural, and effective
delivery system. By combining the unique properties of
progesterone and reishi mushrooms, this research seeks to pave
the way for novel therapeutic solutions in women's health and
cancer treatment. In addition to pharmacological evaluation,
the formulation's stability was assessed through an accelerated
stability study under ICH Q1A(R2) guidelines to predict shelf-
life and ensure functional performance during storage.

2. Experimental section
2.1 Materials and reagents

Progesterone (with purity 99.87%) was purchased from Hubei
Gedian Humanwell Pharmaceutical Co., Ltd (E-zhou City, Hubei,
China), edible Reishi mushrooms (Ganoderma lucidum) were
obtained from Xi'an Lesen Bio-Tech Co., Ltd (Xi'an, Shaanxi,
China). Ethanol, sodium chloride (NaCl), sodium phosphate
dibasic (Na,HPO,), potassium phosphate monobasic (KH,PO,),
and potassium chloride (KCl), sodium hydroxide and hydro-
chloric acid 37%, all of analytical grade were purchased from
Merck (Darmstadt, Germany). Bi-distilled water.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.2 Preparation of reishi mushroom fruiting body matrix

All Ganoderma lucidum (Reishi mushroom) fruiting bodies used
in this study were sourced from a single commercial batch
(Xi'an Lesen Bio-Tech Co., Ltd, Xi'an, Shaanxi, China) to mini-
mize batch-to-batch variability and ensure consistency
throughout the experimental procedures. Upon receipt, the
mushrooms were visually inspected for uniformity in color, size,
and absence of visible contamination or spoilage. Clean the
mushrooms to remove any dirt and debris, then dry the fruiting
bodies in a drying oven at 40 °C for 24 hours. For sample
preparation, 100 g of fresh Reishi mushroom (Ganoderma luci-
dum) fruiting bodies were used. After drying, the final weight of
the dried mushroom was approximately 10 g, corresponding to
a moisture loss of about 90%. Once dried, grind the fruiting
bodies into a fine powder using a mechanical methods using
a Mill (PM 100, Haan, Germany) then sieve the powder in a 100-
mesh sieve to achieve a uniform particle size, ensuring consis-
tency for loading. The entire process, from sourcing to powder
preparation, was carefully documented for traceability and
reproducibility. Analytical characterization of the mushroom
matrix, both before and after progesterone loading, was per-
formed using FTIR, SEM, XRD, and UV-Vis spectroscopy to
confirm material consistency and successful encapsulation.

2.3 Loading progesterone into the mushroom matrix

The loading of progesterone into the reishi mushroom matrix
powder involves a 10:1 w/w ratio of mushroom powder to
progesterone, which is mechanically mixed and embedded
using a Planetary Ball Mill (PM 100, Haan, Germany) at 300 rpm
for 60 minutes. This process ensures thorough integration of
progesterone into the porous structure of the mushroom
matrix, facilitated by mechanical forces that break down parti-
cles and promote uniform distribution.”®** The resulting
mixture is sieved through a 100-mesh sieve to achieve a uniform
particle size, ensuring consistency for further use.'® Interactions
between progesterone and the reishi matrix include physical
embedding and adsorption due to the mushroom's porous
structure,'”'® as well as chemical interactions such as hydrogen
bonding between progesterone's carbonyl/hydroxyl groups and
the functional groups of reishi polysaccharides,* hydrophobic
interactions with non-polar components like triterpenes,* and
weak van der Waals forces.”* These interactions may enhance
progesterone's stability, bioavailability, and potential syner-
gistic effects with reishi's bioactive compounds, such as beta-
glucans and triterpenes, which could complement its pharma-
cological properties.”” Further characterization would provide
deeper insights into these interactions, as illustrated in Scheme
1.

2.3 Characterization of the tested compounds

Several analytical techniques were employed to characterize the
prepared adsorbents and the formed composites including
Fourier Transform Infrared Spectroscopy (FTIR) that was con-
ducted using a Bruker-Vertex 70 instrument via the KBr pellet
technique, covering 400 to 4000 cm™ . Also, Scanning Electron
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Scheme 1 Schematic representation of the experimental workflow for the preparation of the reishi mushroom fruiting body matrix and the

loading of progesterone.

Microscopy (SEM) was examined. An Evolution 350 UV-Vis
Spectrophotometer (Thermo Fisher Scientific, Massachusetts,
USA) was used to measure the progesterone concentrations. pH
was determined with an Adwa-AD1030 automatic surface pH
meter. The Zetasizer Ultra (Malvern, USA) was used to deter-
mine the size, polydispersity index (PDI), and zeta potential of
the loaded and unloaded reishi mushroom. The zeta potential
and dynamic light scattering (DLS) techniques provide insight
into the particle size distribution, surface charge, PDI, and
stability of the encapsulated formulation.

2.5 Progesterone loading efficiency

The concentrations of the samples were determined using
a spectrophotometric method, based on a standard calibration
curve. To establish the optimal analytical wavelength for the
maximum absorbance technique, a stock solution of proges-
terone was prepared at a concentration of 1 mg mL™' in
ethanol. A series of dilutions with varying concentrations were
then prepared from this stock solution, also using ethanol.
These diluted solutions were scanned across a wavelength range
of 200-400 nm using an Evolution 350 UV-Vis Spectrophotom-
eter (Thermo Fisher Scientific, Massachusetts, USA) to quantify
the progesterone content. The wavelength of maximum absor-
bance (Amax) was identified at 240 nm.?*** The amount of
progesterone loaded is calculated by adding 10 mL of ethanol to
the composite in a 1: 10 (w/v) ratio, then vortex the mixture for
1-2 minutes to ensure thorough mixing, followed by sonication
for 15 minutes to enhance extraction efficiency; centrifuge the
mixture at 4000 rpm for 10 minutes to separate the supernatant,
which is then carefully collected and filtered through a 0.22 pm
membrane filter to remove any particulate matter, yielding the
extracted progesterone which then measured using the UV
spectrophotometer.

19394 | RSC Adv, 2025, 15, 19392-19416

The amount of progesterone loaded and loading efficiency
were calculated using eqn (1) and (2):

Amount of progesterone loaded = C, x V' (1)
where, C.: concentration of progesterone in the sample, V: the

volume of the supernatant used for extraction.

Loading efficiency (%)

_amount of progesterone loaded
~ total amount of progesterone used

x 100 (2)

2.6 In vitro release study

The in vitro drug release of progesterone encapsulated in the
fruiting body of reishi mushroom was evaluated using the
dialysis bag method to simulate controlled drug release. Dial-
ysis bags (cellulose membrane, molecular weight cut-off 14
000 Da, SERAVA Electrophoresis) were soaked overnight in the
respective release medium prior to use. For each experiment,
50 mg of the encapsulated composite (progesterone-loaded
reishi mushroom) and an equivalent amount of free proges-
terone (as control) were placed in separate dialysis bags, which
were sealed at both ends with thermo-resistant thread. These
bags were then immersed in 900 mL of either phosphate-
buffered saline (PBS, pH 7.4), simulated gastric fluid (SGF, pH
1.2), or simulated intestinal fluid (SIF, pH 6.8) to evaluate the
stability and release profile of the composite under different
physiological conditions. PBS was prepared by dissolving 8 g
NaCl, 0.2 g KCl, 1.44 g Na,HPO,, and 0.24 g KH,PO, in
approximately 800 mL distilled water, adjusting the pH to 7.4
with 1 M HCI or 1 M NaOH, and making up the volume to 1 L.
SGF was prepared by dissolving 2.0 g NaCl and 7.0 mL
concentrated HCl in 1 L distilled water and adjusting the pH to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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1.2. SIF was prepared by dissolving 6.8 g KH,PO, in 1 L distilled
water and adjusting the pH to 6.8 with 0.2 N NaOH. All release
studies were conducted at 37 °C + 0.5 °C in a shaker incubator
(Labsol, India) set at 50 rpm. At predetermined time intervals
(10 min, 30 min, 1 h,2h,4 h,6h,8h,12 h,24 h,and 48 h), 5 mL
aliquots of the release medium were withdrawn and replaced
with an equal volume of fresh medium to maintain sink
conditions. Each sample was filtered through a 0.22 pm nylon
syringe filter to remove any particulate matter. The concentra-
tion of progesterone released into the medium was measured
using a UV-Vis spectrophotometer at 240 nm. The cumulative
drug release percentage was calculated by plotting the concen-
tration of released progesterone against time, allowing for
evaluation and comparison of the release profiles of the
encapsulated and free progesterone in each medium. Drug
release at time ¢, cumulative drug release (%) were calculated
using eqn (3) and (4):

Released drug at time 1 = C, x V (3)

Cumulative drug release (%)

released drug at time ¢
= — 100 4
initial amount of drug loaded>< (4)

where, C, represents the drug concentration at time ¢ (mg
mL "), V represents volume of the dissolution medium (mL).

2.7 In vitro release kinetics

Various release kinetics models were applied including zero-order
kinetics (constant release rate), first-order kinetics (release rate
depends on the amount of drug remaining), Korsmeyer-Peppas
model (power law), Higuchi model (diffusion-controlled release)
to give insight into the release mechanism either through diffu-
sion, swelling, or erosion of the progesterone-loaded reishi
mushroom composite using the following equations:
Zero-order kinetics

M, = M, + Kt (5)
First-order kinetics
M,
U 1 _ Akt 6
M, ¢ (6)

Korsmeyer-Peppas model

M, 0

M Kt (7)
Higuchi model

Mz = KH\/; (8)

M, = amount of drug released at time ¢, M, = initial amount
of drug, k; = first-order rate constant, n is the release exponent
that indicates the release mechanism, ¢ = time, ky = Higuchi
rate constant (depends on properties like the diffusion coeffi-
cient, solubility, and surface area).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.8 Invitro cytotoxicity and cell viability

2.8.1 Cell lines and culture conditions. MCF-7 cells,
a human breast cancer cell line, were obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA).
The cell lines were propagated and tested for cytotoxicity assays
at Tissue Culture Unit of the Regional center for Mycology and
Biotechnology, Al-Azhar University. These cells were propagated
in RPMI-1640 medium (Lonza, Belgium) supplemented with
10% inactivated fetal bovine serum (FBS) and 50 pg mL '
gentamycin (Lonza, Belgium). The cells were maintained at 37 ©
C in a humidified atmosphere containing 5% CO, and were
subcultured three times per week.

2.8.2 Cytotoxicity evaluation via MTT assay. To evaluate the
cytotoxicity of the tested compounds, MCF-7 cells were cultured
in Corning® 96-well tissue culture plates at a density of 5 x 10"
cells per well and incubated for 24 hours. After this period, the
cells were treated with varying concentrations of the
compounds in triplicate for an additional 24 hours. Six vehicle
controls, consisting of media, were included on each plate.
Following the incubation, the media was removed and replaced
with 100 pL of fresh RPMI-1640 medium (without phenol red).
To assess cell viability, 10 uL of a 12 mM MTT stock solution
(5 mg MTT in 1 mL of PBS) was added to each well, and the
plates were incubated at 37 °C with 5% CO, for 4 hours. After
incubation, 85 pL of the medium was removed, and 50 pL of
DMSO was added to each well to dissolve the formazan crystals.
The plates were then thoroughly mixed and incubated at 37 °C
for an additional 10 minutes. The absorbance was measured at
590 nm using a microplate reader (SunRise, TECAN, Inc., USA).
Cell viability was calculated as a percentage of the optical
density (OD) of treated cells relative to the OD of untreated
control cells using the following equation:

Percentage of viability (%) = {(OD‘)XIOO} 9)
OD,

where OD; is the mean optical density of treated wells and OD,
is the mean optical density of untreated wells. Survival curves
were constructed by plotting the percentage of viable cells
against the drug concentration. The 50% inhibitory concen-
tration (ICs,), defined as the concentration required to inhibit
50% of viable cells, was calculated from the dose-response
curve using GraphPad Prism version 9.0 (GraphPad Prism
software, San Diego, CA, USA). All experiments were performed
in triplicate, and results are expressed as mean =+ standard
deviation (SD). Statistical analysis of ICs, values among
different treatment groups (free progesterone, reishi mush-
room, and progesterone-reishi mushroom composite) was
conducted using one-way analysis of variance (ANOVA) followed
by Tukey's post hoc test for multiple comparisons. A p-value <
0.05 was considered statistically significant. All statistical
analyses were performed using GraphPad Prism version 9.0.

2.9 Molecular docking study

2.9.1 Molecular docking methodology. Molecular docking
studies were performed using PyRx 0.8, a virtual screening tool
that integrates AutoDock and AutoDock Vina for predicting

RSC Adv, 2025, 15, 19392-19416 | 19395
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protein-ligand interactions. A blind docking approach was
employed to identify potential binding sites across the entire
surface of the target proteins. The docking grid was configured
to encompass the entire protein structure, with grid box
dimensions automatically calculated by PyRx to ensure
comprehensive coverage. Docking simulations were executed
using the AutoDock Vina algorithm, which employs a stochastic
search method to predict optimal ligand binding poses. The
exhaustiveness parameter was set to 8 to ensure thorough
sampling of the binding space.

2.9.2 Visualization and analysis. The docked complexes
were visualized and analyzed using BIOVIA Discovery Studio
Visualizer (v24.01.23298).>¢ Binding affinities (AG values) were
assessed, and key intermolecular interactions such as hydrogen
bonds and hydrophobic interactions were identified and re-
ported. These analyses provided detailed insights into the
ligand-protein binding mechanisms and the potential thera-
peutic efficacy of the compounds.

2.9.3 Docking simulations overview. Docking simulations
were conducted to evaluate the binding affinity of ganoderic
acid A, a bioactive triterpenoid from Ganoderma lucidum (reishi
mushroom),”” and progesterone, a steroid hormone, with target
receptors involved in hormone regulation and cancer progres-
sion. The selected receptors including PCL-2, PI3K, proges-
terone receptor (PR), and estrogen receptor alpha (ERa) were
chosen based on their well-established roles in these processes:
PCL-2 is involved in progesterone-mediated signaling and
metabolic regulation,*® PI3K plays a central role in cell survival
and proliferation and is frequently dysregulated in cancers,* PR
mediates the physiological effects of progesterone in repro-
ductive health,*® and ERa drives hormone-dependent cancers
such as breast cancer.* The selection of ganoderic acid A (GAA)
as the ligand was based on its well-established pharmacological
relevance. GAA is one of the principal triterpenoids isolated
from Ganoderma lucidum (reishi mushroom), a medicinal
fungus extensively used in traditional Asian medicine.***
Ganoderic acid A has demonstrated a broad spectrum of bio-
logical activities, including anticancer, anti-inflammatory, and
antioxidant properties.***® Notably, its lanostane-type triterpe-
noid structure closely resembles that of endogenous steroid
hormones such as progesterone, suggesting a potential for
interaction with nuclear hormone receptors like the proges-
terone receptor (PR) and estrogen receptor alpha (ERa). These
structural and functional characteristics support its candidacy
as a bioactive compound for investigation in the context of
hormone replacement therapy (HRT) and hormone-dependent
cancers. The selection of PR, ERa, phosphoinositide 3-kinase
(PI3K), and B-cell lymphoma 2 (BCL-2) as molecular docking
targets was based on their critical roles in hormone signaling
(PR and ERa) and oncogenic pathways (PI3K and BCL-2), which
are commonly dysregulated in hormone-responsive cancers.*”*°
This combination was intended to explore both the potential
endocrine activity and anticancer effects of ganoderic acid A in
comparison to natural progesterone.

2.9.4 Ligand preparation. The 3D structures of ganoderic
acid A and progesterone were retrieved from the PubChem
database in SDF format. Ligand preparation was performed

19396 | RSC Adv, 2025, 15, 19392-19416
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using Chem3D 17.0, which included energy minimization using
the MMFF94 force field to optimize the molecular structures for
docking.

2.9.5 Protein preparation. The crystal structures of the
target proteins including PCL-2 (PDB: 2YV6), PI3K (PDB: 85C8),
progesterone receptor (PR) (PDB: 1A28), and estrogen receptor
alpha (ERa) (PDB: 1A52) were retrieved from the RCSB Protein
Data Bank. Protein preparation was carried out using AutoDock
Tools 1.5.7,* which involved: Removing water molecules, add-
ing polar hydrogens, and Assigning Kollman charges to ensure
accurate docking simulations.

2.10 Antimicrobial assays

2.10.1 Preparation of the microbial isolates and chemical
suspensions. Escherichia coli (E. coli), Klebsiella puemoniae (K.
puemoniae), Staphylococcus aureus (S. aureus), and Streptococcus
agalactiae (Str. agalactiae) as well one fungal species, Candida
albicans (C. albicans) was used in this study. All isolates have
been recovered from farm animals exhibiting clinical manifes-
tations of mastitis in order to evaluate the antibacterial prop-
erties of reishi mushrooms (RM) and the encapsulating formula
(HP-RM).** Briefly, pure, distinct colonies from each strain of
bacteria and C. albicans traits were centrifuged in brain heart
infusion broth (BHI, Oxoid, Code: CM1136) for five minutes at
11000 rpm. After removing the supernatant, 5 mL of sterile
normal saline was added and the microbial precipitate were
kept as stock. A spectrophotometer was then used to adjust the
concentration to an optical density of 0.10 at 625 nm to obtain
a 0.5 McFarland's standard (10° colony forming unit per milli-
liter (CFU mL™ "), for the bacterial species and 1.4 x 10° CFU
mL~" for C. albicans). Further, concentrations of 1000 ug mL ™"
from both reishi mushrooms and the encapsulating formula
were made by suspending in 10.0% MSDO (Sigma-Aldrich, USA)
and sonicating them for five minutes at a high sonicator with
a power of 20 kHz (Model: Q700 Sonicator®, Australia).

2.10.2 Agar well diffusion assay. The antibacterial activity
of both reishi mushroom and HP-RM was assessed by the well
agar diffusion methodology, Mueller-Hinton medium (MHA,
Oxoid, Code R01620) was made, autoclaved, cooled down at 40-
50 °C, and allowed to solidify in sterile Petri dishes. Subse-
quently, the surface of the agar was coated with nearly 100 uL of
each tested microbial cultivation solution. A sterile cork borer
was used to form four holes in each of the agar dish, that
measuring 6 mm in diameter. Approximately 50 pL of each of
the chemical solutions that were evaluated were also inoculated
into their corresponding wells. Following a 24 hour incubation
at 37 °C, the dimensions of the zones of inhibition had been
determined in triplicates. Furthermore, 10.0% DMSO was
employed as a control negative, whilst the commercial antibi-
otic drug powder of gentamicin (10 mg mL™") acted as the
control positive.

2.10.3 Minimum inhibitory concentrations (MICs). The
standard broth macro-dilution method was utilized to investi-
gate the antimicrobial efficiency of reishi mushrooms and HP-
RM. MIC was determined in BHI broth using double-dilution
method of both compounds in concentrations at starting

© 2025 The Author(s). Published by the Royal Society of Chemistry
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point of 1000, 500, 250, 125, 62.5, 31.3, 15.6 and 7.8 pg mL ",
Then standard bacterial or yeast concentrations (0.5 McFarland
reaction) were individually inoculated at each dilution followed
by incubation at 37 °C for 24 hours. The lowest concentration of
the tested chemical suspensions that did not exhibit any
noticeable growth in the tubes is known as the MIC threshold.
Also, each experiment was carried out in triplicate, and the
means (£) have been calculated.*

2.10.4 Minimum bactericidal concentration (MBC) and
minimum fungicidal concentration (MFC). Aliquots of around
50 pL from each dilution that did not exhibit any obvious
microbial growth were streaked on the surface of Brain Heart
Infusion plates (BHI, Oxoid, Code: CM1136) and incubated for
24 hours at 37 °C. The MBC or MFC results are achieved when
100.0% of the pathogen population has been eliminated at the
lowest concentration of an antimicrobial agent. Additionally,
the means (+) have been established for each experiment,
which was performed in triplicate.”® Furthermore, MBC/MIC
ratio were evaluated for each microbial species to evaluate the
antimicrobial efficacy of the tested chemicals either as bacte-
riostatic or fungistatic as well as bactericidal or fungicidal
ones.**

2.11 Statistical analysis

All analytical evaluations were performed in triplicates, and the
Student's t-test was used for expressing the results as mean (+)
standard deviation (SD). At P < 0.05, statistical significance was
determined.

2.12  Accelerated stability study

To evaluate the long-term stability of the progesterone-reishi
mushroom composite, an accelerated stability study was con-
ducted following the ICH Q1A (R2) guidelines.**® This regula-
tory framework allows the rapid prediction of product stability
under elevated temperature and humidity, making it especially
beneficial for innovative formulations combining pharmaceu-
tical and natural components.*”** Accelerated stability testing
provides a time-efficient alternative to real-time studies and is
widely adopted during product development and regulatory
review.* Recent advancements in stability testing protocols
have improved prediction accuracy, particularly for biopolymer-
based systems and encapsulated drug formulations.*®

2.12.1 Sample preparation and storage conditions. Freshly
prepared progesterone-loaded reishi mushroom composite
samples were packaged in nitrogen-flushed aluminum pouches
to protect them from moisture and oxygen.’* These pouches
were stored under accelerated conditions (40 + 2 °C and 75 +
5% relative humidity) in a validated climatic chamber (Ther-
molab Scientific Equipments Pvt. Ltd, Maharashtra, India
compliant with ICH Q1A(R2) guidelines.*” Stability analyses
were carried out at 0, 3, and 6 months to evaluate changes in
physical, chemical, and functional properties over time. Zer-
otime (0 months) values represent freshly prepared samples.

2.12.2 Analytical evaluations. At each designated time
point (0, 3, and 6 months), a set of analytical assessments was
performed in triplicate. Physical stability was examined through

© 2025 The Author(s). Published by the Royal Society of Chemistry
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visual inspection for color change, caking, and odor, along with
measurements of particle size and zeta potential using a Mal-
vern Zetasizer Ultra.*>** Chemical stability was assessed by
quantifying progesterone content through a validated UV-Vis
spectrophotometric method at 240 nm.** Functional integrity
was evaluated via in vitro drug release using a dialysis bag
method in phosphate-buffered saline (PBS, pH 7.4) at 37 °C over
a 48 hour period, with progesterone concentration determined
spectrophotometrically.****> Additionally, antimicrobial activity
was assessed at the 0, 3 and 6 months marked by determining
the minimum inhibitory concentration (MIC) against Staphy-
lococcus aureus, Str. agalactiae, E. coli, K. pneumoniae and C.
albicans using broth microdilution according to CLSI
guidelines.>**”

3 Results and discussion
3.1 Characterization of the tested compounds

To evaluate the crystalline nature of reishi mushroom (RM) and
loaded sample RM/HP, a powdered X-ray diffraction (XRD)
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Fig. 1 XRD pattern of (a) RM and (b) after loading RM/HP.
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analysis was conducted within the 26 range of 5° to 80°. The
resulting X-ray diffractogram is presented in Fig. 1a and b. The
XRD pattern of RM exhibited a broad, hesitant peak at
approximately 26 = 20.98°, which indicates the presence of
a significant amount of carbon substrate in its composition
(Fig. 1a).*® Notably, the shift towards higher crystallinity in
loaded sample which related to that the sample subjected to
vibrating and ball milling (Fig. 1b).*® This enhancement in
crystallinity not only validates the efficacy of mechanical pro-
cessing in disrupting the amorphous matrix of RM walls but
also its the potential improvement in the stability and
bioavailability of encapsulated HP.*® Such structural refine-
ments, marked by the modification through the sample crys-
tallinity, elucidate the obvious changes at the molecular level
that could augment the functional properties of the RM.*
Consequently, this detailed exploration of XRD data high-
lighting the strategic benefits of employing preparation meth-
odologies to optimize the physicochemical attributes and
therapeutic efficacy of RM/HP.*

Fourier transform infrared (FTIR) spectroscopy was
employed to fully characterize the functional groups on the
surface of RM in the wavenumber range of 400-4000 cm ™', both
before and after loading with progesterone hormone (HP). The
results are presented in Fig. 2a—c. A wide band between 3407.39
and 3180.03 cm " is seen in the powder RM spectra, which is
indicative of the vibrational stretching of hydroxyl groups (-
OH).** Furthermore, the stretching and bending vibrations of
saturated C-H bonds are responsible for peaks at 2919 cm™*
and 1403.83 cm ', respectively.** The stretching of C=0 by

€))
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amide I is represented by the band at 1642.68 cm™ ', whereas the
stretching or N-H deformation of amide II contributes to the
band at 1560 cm™'. The amide III band at 1250.34 cm "
represents the vibration of the C-N bond.**** Additionally, at
1043.50 cm ™! and 1160.05 cm™, the C-O bond vibrations in
alcohol hydroxyl are visible. A notable presence of glucan
structure is indicated by the absorption peak at 894 cm™*,
which is typical of the B-configuration of p-glucose units.***
One of the most important bands seen in the fingerprint area of
p-glucopyranose is the 893 cm™ ' band, as stated by Barker
et al.®® Finally, a saccharide group's bending vibration is rep-
resented by the band at 587.96 cm™'.*® The magnitude of the
main peaks rises, and additional peaks appear once HP is
loaded onto RM (RM/HP), revealing a relationship between RM
and HP. The stretching of the C-H bonds in the CH, and CH;
groups is shown by peaks in the 2919.83-2374.00 cm ™' range.
Additionally, a peak that corresponds to the stretching of the
C=C bond is seen at 1612 cm™". RM loaded by HP (RM/HP)
were studied using FTIR as shown in Fig. 2c. The broad and
intense band at 3460.73 c¢cm™ ' confirms the asymmetric
stretching vibration of -OH and N-H groups.®”* The strong
vibration band at 1642.68 cm ™" can be assigned to amide bond
(O=C-NH), in consonance with an earlier report.” This band
could also be assigned to the stretching vibration of C=0 and
N-H at 1393.16 and 1642.68 cm ™' respectively. The small band
at 1155.13 cm™ ' is assigned to C-N.* We observed a band
observed at 1048.42 cm ™" to the C-O stretching.*””* Other small
bands at 2374.00 cm ™" and 2096.58 cm™ ' could be assigned to
the C-N”> and C=C"" stretching vibrations. Also, the reported
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Fig. 2 FTIR spectrum of (a) RM, (b) HP and (c) RM/HP.
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the bands between 500 to 900 cm ™" in the presented RM spec-
trum were ascribed to the flavonoid moieties.®®

HP has characteristic bands located at 1690.50 and
1658.28 cm ™' corresponding to the carbonyl groups (C3-cyclic
and C20-linked to methyl radical) as shown in Fig. 2b. The
characteristic band of the C=C is located between 868.67 and
943.36 cm™ .7® HP bands regarding to C=O0 stretching at shif-
ted to 1642.68 cm ' in the loaded sample spectra contacting
HP. According to the presence of shifts or changes in the RM/HP
spectrum is an indication that they are chemically interacting
by chemical bonds like covalent one. In general, one can
conclude that all formulations interactions took place between
HP and the RM due to the observed changes in the FTIR spectra.
The most evident interaction observed in Fig. 2a-c is between
HP and RM, due to the increase in the intensity and enlarge-
ment of the band located at 1642.68 cm ™. This is in agreement
with the results found in the literature.” The OH-group, in
stretching mode, which confirms the loading of HP molecules
in the surface of RM yields a broad peak at 3460.73 cm™ " in the
RM/HP sample spectra and a sharp peak at 1642.68 cm™". The
broad one may be attributed to the presence of hydrogen bonds
on the RM surface. In Fig. 2a and c, the FTIR study evidenced
the intramolecular hydrogen bonding among the RM/HP enti-
ties. The calculated hydrogen bond intensity was the ratio of the
absorbance bands at 3460.73 and 3407.35 cm ™ * (for the ~OH
peak) and 1642.68 cm ™ (for the bending of C=0 peak in two
samples) in RM/HP and RM respectively. The absorbance ratio
showed an increase in the case of RM/HP loading (0.40) more

Fig. 3 SEM images of RM.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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than that of RM (0.33), indicating the hydrogen bonding inter-
action between the RM and the loaded HP.

SEM analysis of the resulting powder surface revealed
morphological changes in the RM in accordance with the
physical modification by mailing (Fig. 3a-c). A significant
structural and morphological change resulted by grinding.
Following the mailing procedure, the cottony surface was
observed, and the loose microstructure was later confirmed by
the increased bulk density. The particles were broken up into
smaller fractions by extensive milling; the combination of
fracture, aggregation, and flattening produced layers of parti-
cles. When intermolecular connections are broken, mechanical
damage results in a change from an ordered to a disordered
(amorphous) structure.”

The microstructure of prepared sample after loading reveals
that the mycelial fibers are haphazardly wrapped, developed
network that is ideal for the creation of porous materials. The
SEM micrographs in Fig. 4a-d show layers of irregular RM
grows with HP closely and that appeared as a new flower-like
morphology with the fibrous one of the materials after
loading, attributed to the presence of HP molecules. This
structure has high porosity (Fig. 4a), resulting in a significantly
higher loading efficiency (98.10%). The network complexation
by the functional groups on the HP with the other in the
mycelial fibers in RM (image in Fig. 4d). As shown in Fig. 4c, the
loaded one has irregular shape, broken structure, rougher
surface, denser pores, and loosening in some areas. In addition,
the maifanite surface chemically bonded or intercalated with

NRC(QUANTA FEG250)
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Fig. 4 SEM images of raw RM after hormone loading RM/HP.

HP to form a fibrous structure and flowers stick on the fibers in
part of the pores of maifanite. The surface layer of the particle is
full of flaky interlayer with more holes and channels.

Surface texture and morphology has gained a lot of interest
since it can reveal essential properties, containing heterogene-
ities and deformations, that might affect the prepared samples
utilization. Software called Image J was used to investigate and
analysis the geographical SEM image as shown in Fig. 5a-f.”
The topographical study of RM and RM/HP is shown in Fig. 5a-
d, while a cross section of both RM and RM/HP is observed to
illustrate the differences. These modifications in texture result
in a substantial elevation of surface roughness and waviness,
which generates a more varied topographical configuration and
an augmentation of the composite's overall porosity and holes.
The roughness and waviness of RM (Fig. 5a and c¢) and RM/HP
(Fig. 5b and d) were traced and it was found that the roughness
is about small, detailed surface features, while waviness
pertains to larger, more pronounced surface variations which is
very clear in the loaded material (RM/HP). This improvement is
expected to favorably impact both the total surface area and the
biochemical interactions of the loaded one (Fig. 5e and f),
consequently enhancing its effectiveness for medical
applications.

The encapsulated formulation of progesterone exhibits
significantly smaller particle size (512.00 £+ 2.25 nm) compared
to the blank formulation (50.20 + 1.68 pm), indicating
successful nanoscale formulation, which can enhance
bioavailability and cellular uptake. The polydispersity index
(PDI) decreases from 0.38 to 0.25, suggesting improved unifor-
mity and stability. Additionally, the zeta potential shifts from
—33.50 + 1.21 mV to —42.03 £+ 1.63 mV, indicating greater

19400 | RSC Adv,, 2025, 15, 19392-19416

electrostatic repulsion, which enhances colloidal stability and
reduces aggregation, as illustrated in Table 1. The formulation
also demonstrates high encapsulation efficiency for proges-
terone (98.10 £ 0.56%), highlighting the efficiency of the
encapsulation process that helps to offer enhanced stability,
controlled release, and improved therapeutic potential for
reishi mushroom.

3.2 Invitro release study

The in vitro release results demonstrate a clear distinction
between the encapsulated progesterone in the reishi mushroom
composite and the free progesterone (control), as shown in
Fig. 6. Release profiles were evaluated in three physiologically
relevant media: simulated gastric fluid (SGF, pH 1.2), simulated
intestinal fluid (SIF, pH 6.8), and phosphate-buffered saline
(PBS, pH 7.4). In SGF, the composite exhibited a markedly
limited release, with less than 20% of progesterone released
over 48 hours. This low release is likely due to the acidic envi-
ronment causing partial denaturation or collapse of the
mushroom matrix, as well as reduced solubility of progesterone
under such conditions. In SIF, the cumulative release increased
to approximately less than 30% over the same period, reflecting
a modest improvement but still indicating restricted drug
diffusion, possibly due to the mildly basic environment
affecting matrix integrity and drug solubility.”® By contrast, PBS
provided an optimal environment for sustained and controlled
release. The encapsulated progesterone exhibited an initial
burst release of 10.62 + 1.89% within the first 10 minutes,
attributable to surface-bound or loosely entrapped proges-
terone, followed by a gradual release reaching 88.25 + 2.33%
over 48 hours. This sustained profile is attributed to the reishi

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM images analysis for surface roughness and waviness of raw RM after hormone loading RM/HP by the aid of programme Image J.

Table 1 Characterization of encapsulated formulation (HP-RM): particle size, zeta potential, and encapsulation efficiency of progesterone

Encapsulation
efficiency (EE%)

Formulation Mean particle size Dispersity (PDI)* Zeta potential (mV) Progesterone
Blank (RM) 50.20 + 1.68 pm Polymodal —33.50 + 1.21 —
HP-RM 512.00 + 2.25 nm Monomodal —42.03 £ 1.63 98.10 &+ 0.56

“ Polymodal refers to PDI values that exceed 0.3, while monomodal refers to PDI values below 0.3.

mushroom matrix acting as a natural barrier, slowing down the
diffusion of progesterone and ensuring prolonged delivery.”” In
contrast, the free progesterone showed a rapid and complete
release in PBS, with 34.15 + 1.46% released within 10 minutes
and 100.09 £ 3.05% released within 2-4 hours, reflecting its
unrestricted diffusion through the dialysis membrane. These
findings highlight the effectiveness of the reishi mushroom

© 2025 The Author(s). Published by the Royal Society of Chemistry

matrix in controlling the release of progesterone, making it
a promising candidate for applications requiring prolonged
drug delivery, such as hormone replacement therapy or cancer
treatment. Moreover, the pronounced sustained release in PBS
compared to the limited release in SGF and SIF demonstrates
the superiority of PBS as a release medium, as it maintains the
structural integrity of the mushroom matrix and supports

RSC Adv, 2025, 15, 19392-19416 | 19401
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Fig. 6 In vitro release profiles of progesterone from reishi mushroom

composite compared to free progesterone in different physiological
media: PBS (pH 7.4), SIF (pH 6.8), and SGF (pH 1.2) over 48 hours.
Values represent mean + SD (n = 3).

optimal progesterone solubility and diffusion,
mimicking systemic physiological conditions.”””*

closely

3.3 In vitro kinetics

In this study, the in vitro release kinetics of encapsulated and
free progesterone formulations were analyzed using various
models to understand their release mechanisms, the invitro
kinetics results were tabulated in Table 2. The in vitro release
kinetic study comparing progesterone-loaded reishi mushroom
and free progesterone highlights the superior controlled release
properties of the reishi mushroom-based system. The zero-
order model shows a higher release rate constant (K, = 0.7567
+ 1.15) for encapsulated progesterone compared to free
progesterone (K, = 0.3469 £ 1.10), indicating a more sustained
release. The first-order model reveals a much lower release rate
constant (K = 0.0002 =+ 0.52) for encapsulated progesterone,
suggesting prolonged release, while the Korsmeyer-Peppas
model indicates a non-Fickian diffusion mechanism (n =
0.4838 + 1.32) for the encapsulated form, compared to the
quasi-Fickian mechanism (n = 0.1753 + 0.68) of free proges-
terone. Additionally, the Higuchi model demonstrates a higher
release rate constant (K, = 18.503 + 1.2) for encapsulated
progesterone, further confirming its efficient and sustained
release. These findings underscore the reishi mushroom's

View Article Online
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ability to modulate progesterone release, making it an ideal
drug carrier for sustained delivery in medical applications such
as hormone replacement therapy and fertility treatments. Its
natural polymeric matrix, biocompatibility, and biodegrad-
ability further enhance its potential as a safe and effective
alternative to synthetic delivery systems (Fig. 7).

3.4 Invitro cytotoxicity and cell viability

3.4.1 Cytotoxicity and anti-cancer activity in MCF-7 cells
(breast cancer cells). The MTT assay is utilized to evaluate the
cytotoxic effects of progesterone loaded reishi mushroom
composite on MCF-7 cells (breast cancer cells), in comparison to
their free forms. After treating MCF-7 cells with different
concentrations of progesterone loaded reishi mushroom
composite, cell viability is quantified, and the potency of the
treatment is determined by calculating the ICs, value. The ICs,
value represents the concentration of a compound required to
reduce cell viability by 50%, providing a measure of its effec-
tiveness in inhibiting cell growth. In this study, the progesterone
loaded reishi mushroom composite showed an ICs, value of
81.11 + 1.95 pg mL ", which was lower than the ICs, values for
the free forms of progesterone (123.12 + 1.54 g mL ') and reishi
mushroom (70.21 + 1.78 pg mL™"). This indicates that the
progesterone loaded reishi mushroom composite is more effec-
tive in reducing MCF-7 cell viability compared to the free
progesterone. In this study, the progesterone-reishi mushroom
composite exhibited an ICs, of 81.11 pg mL ™" against MCF-7
breast cancer cells, which is a significant improvement over
free progesterone (ICso = 123.12 pg mL™'). Although the
progesterone-reishi mushroom composite exhibited a signifi-
cantly lower ICs, value (81.11 pug mL™') against MCF-7 breast
cancer cells compared to free progesterone (123.12 pg mL ™), it is
important to contextualize these findings by comparing them
with the ICs, values of standard clinical anti-cancer drugs.
Common chemotherapeutics such as doxorubicin and paclitaxel
typically display much lower ICs, values in MCF-7 cells, often in
the range of 0.01-2 pg mL™~". For example, doxorubicin has been
reported to have an ICs, of approximately 0.5-1.0 ug mL ™, and
paclitaxel an ICs, of about 0.006-0.2 pg mL ™" in MCF-7 cells.®*$3
While the composite's cytotoxic potency is lower than these
conventional agents, its natural composition and potential for
reduced toxicity may offer advantages for combination therapies
or for patients seeking alternatives to standard chemotherapy. A
lower ICsq value for the progesterone loaded reishi mushroom
composite suggests that a smaller concentration of the

Table 2 Comparison of release kinetic parameters for progesterone loaded reishi mushroom and free progesterone

Release kinetic model Parameters

Active ingredients

Encapsulated progesterone Free progesterone

Zero-order model K,

First-order model K

Korsmeyer-Peppas model K
n

Higuchi model Ky

19402 | RSC Adv, 2025, 15, 19392-19416

0.7567 + 1.15 0.3469 + 1.10
0.0002 £ 0.52 0.0115 £+ 0.75
0.2267 £+ 2.02 0.652 £ 1.23
0.4838 + 1.32 0.1753 + 0.68
18.503 + 1.2 11.94 £ 1.5

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The release kinetics of progesterone from both encapsulated and free forms using four different kinetic models: (a) zero-order, (b) first-

order, (c) Korsmeyer—Peppas, and (d) Higuchi.

combination is required to achieve 50% inhibition of cell
viability, highlighting its increased potency. The loading of
progesterone in reishi mushroom likely enhances their delivery
and bioavailability, allowing for greater therapeutic efficacy at
lower doses. On the other hand, the free form of progesterone
requires higher concentrations to achieve the same level of
inhibition, which may lead to limitations in their clinical effec-
tiveness and a higher likelihood of side effects. The results
demonstrate that Reishi mushroom-based delivery enhances the
stability and targeting of progesterone, offering a more effective
breast cancer treatment with lower dosages, as shown in Fig. 8.
This supports further development of reishi mushroom-based
formulations in Hormone replacement and cancer therapy.
Statistical analysis was conducted using one-way ANOVA fol-
lowed by Tukey's post hoc test to compare the ICs, values of free
progesterone (HP), reishi mushroom (RM), and the proges-
terone-reishi mushroom composite (HP-RM) against MCF-7
cells. Both RM (70.21 + 1.78 pg mL™") and HP-RM (81.11 +
1.95 ug mL ") exhibited significantly lower ICs, values compared
to HP (123.12 + 1.54 pg mL™") (p < 0.001 for both), indicating
enhanced cytotoxicity against breast cancer cells. However, there
was no statistically significant difference between RM and HP-
RM (p = 0.09), suggesting that the incorporation of proges-
terone did not significantly augment the cytotoxic effect beyond
that provided by the reishi mushroom alone. These findings
imply that the cytotoxic activity of the composite formulation is
predominantly attributed to the bioactive components of the
reishi mushroom matrix. The data are summarized in Table 3.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Values are presented as mean + SD (n = 3). Statistical
significance was determined by one-way ANOVA with Tukey's
post hoc test.

3.5 Molecular docking study

3.5.1 Binding affinities of ganoderic acid A and proges-
terone. The binding affinities (AG, kcal mol ") of ganoderic acid
A and progesterone for each target receptor are summarized in

B RV
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B HP-RM I
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Fig. 8 Cytotoxicity and anti-cancer activity of reishi mushroom,
progesterone and progesterone-loaded reishi mushroom composite
in MCF-7 breast cancer cells.
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Table 3 |Csq values of tested formulations against MCF-7 cells and statistical significance”

Group ICs0 (ng mL™) Significance vs. HP Significance vs. RM
Free progesterone (HP) 123.12 + 1.54 N/A N/A

Reishi mushroom (RM) 70.21 £+ 1.78 p <0.001 N/A
Progesterone-reishi mushroom 81.11 + 1.95 p <0.001 p = 0.09

composite

“ N/A: not applicable.

Table 4 Binding affinities of ganoderic acid A and progesterone

Binding affinity

Receptor Ligand (kcal mol ™)

PCL-2 Ganoderic acid A -8
Progesterone —7.8

PI3K Ganoderic acid A —9.5
Progesterone —8.3

PR Ganoderic acid A —8.6
Progesterone —8.2

ERa Ganoderic acid A —8.6
Progesterone -7.3

Table 4. Ganoderic acid A exhibited stronger binding affinities
compared to progesterone across all receptors, with the highest
affinity observed for PI3K (—9.5 kcal mol ).

3.5.2 Molecular interactions

3.5.2.1 PCL-2 interactions. Ganoderic acid A formed
multiple conventional hydrogen bonds with ARG A:137, ASN
A:86, and GLN A:45, indicating stable binding through polar
interactions. These hydrogen bonds likely contribute to the
ligand's affinity for PCL-2, reinforcing its potential bioactivity.
An unfavorable acceptor-acceptor interaction with ARG A:42
was also observed indicating steric or electronic repulsion at
that site (Fig. 9). Whereas, progesterone exhibited a single alkyl
interaction with ILE A:114, suggesting hydrophobic stabiliza-
tion within the binding pocket (Fig. 10). Overall, the presence of
strong hydrogen bonding interactions suggests that ganoderic
acid A could effectively engage with PCL-2, potentially influ-
encing its biological activity in hormone regulation or thera-
peutic pathways.

Ganoderic Acid A
3D 2D
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N /7 .E .. yer]
{ -“
, N s
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Y 4 ]
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N 4 W\
- FerD) Yy
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Interactions
I conventional Hydrogen Bond B Unfavorable Acceptor-Acceptor

Fig. 9 3D and 2D visualizations of the interactions between PCL-2 and ganoderic acid A.

Progesterone

2D

ILE
A:lld

Interactions

[ akv

Fig. 10 3D and 2D visualizations of the interactions between PCL-2 and progesterone.
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Fig. 11 3D and 2D visualizations of the interactions between PI3K and ganoderic acid A.

3.5.2.2 PI3K interactions. Ganoderic acid A established
conventional hydrogen bonds with HIS A:304 and LEU A:323,
suggesting strong polar interactions that contribute to its
binding stability within the active site of PI3K along with an
unfavorable donor-donor interaction with ARG A:277 indi-
cating potential steric or electronic repulsion that might slightly
reduce binding efficiency (Fig. 11). The presence of multiple
hydrogen bonds suggests that ganoderic acid A could effectively
interact with PI3K. Whereas, progesterone formed a single
conventional hydrogen bond between the C=O group of
progesterone and the HIS A:304 residue in the PI3K binding
site, indicating weaker binding compared to ganoderic acid A
(Fig. 12).

3.5.2.3 Progesterone receptor (PR) interactions. Ganoderic
acid A displayed multiple conventional hydrogen bonds with
SER B:910, SER A:910, ILE A:896, PHE A:895, and PHE A:905
suggesting strong binding stability, alongside an unfavorable
donor-donor interaction with SER A:898 (Fig. 13), these inter-
actions indicate that ganoderic acid A could potentially influ-
ence progesterone receptor activity by exhibiting competitive
binding, which might impact hormonal regulation and
signaling pathways. Whereas, progesterone formed a conven-
tional hydrogen bond with GLN A:747 and alkyl interactions

with VAL A:730, ILE A:748, and ILE A:751, indicating hydro-
phobic stabilization (Fig. 14).

3.5.2.4 Estrogen receptor alpha (ERw) interactions. Ganoderic
acid A demonstrated a conventional hydrogen bond with SER
B:468 indicating a stabilizing interaction essential for ligand
binding. However, the presence of an unfavorable donor-donor
interaction with LEU B:462 suggests potential steric or elec-
tronic hindrance that may slightly affect binding efficiency
(Fig. 15). Whereas, progesterone exhibited a conventional
hydrogen bond with LYS B:467 suggesting a stabilizing inter-
action crucial for ligand binding. Additionally, a pi-sigma
interaction with HIS B:377 is observed, indicating possible -
electron cloud interactions that might contribute to ligand
stabilization within the binding pocket (Fig. 16).

3.6 Antimicrobial assays

3.6.1 Antimicrobial activity of reishi mushroom and HP-
RM. According to Table 6 and Fig. 17, the results indicated no
statistically significant difference in the antimicrobial activity of
reishi mushroom and HP-RM against various microbial path-
ogens (P < 0.05). HP-RM demonstrated a wider zone of inhibi-
tion against Gram-positive pathogens, with Streptococcus
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Fig. 12 3D and 2D visualizations of the interactions between PI3K and progesterone.
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Fig. 13 3D and 2D visualizations of the interactions between progesterone receptor and ganoderic acid A.
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Fig. 14 3D and 2D visualizations of the interactions between progesterone receptor and progesterone.

Ganoderic Acid A

3D

2D

P~

Interactions

I conventional Hydrogen Bond M Urfevorable Donor-Donor

Fig. 15 3D and 2D visualizations of the interactions between estrogen receptor alpha (ERa) and ganoderic acid A.

agalactiae (19.33 + 2.40 mm) and Staphylococcus aureus (17.00 +
2.08 mm) showing greater sensitivity compared to Gram-
negative bacteria and Candida albicans. Similar inhibitory
zones were observed for Klebsiella pneumoniae (12.67 + 1.76
mm) and C. albicans (12.67 £ 0.67 mm). HP-RM also exhibited
lower MIC and MBC values for Gram-positive bacteria, with Str.
agalactiae (41.60 + 10.30 ug mL~" and 52.10 + 10.40 pg mL ™",
respectively) and S. aureus (52.10 + 10.40 pg mL~" and 72.93 +
27.55 ug mL ™", respectively) being more susceptible than Gram-

19406 | RSC Adv, 2025, 15, 19392-19416

negative bacteria and C. albicans. K. pneumoniae showed
comparable MBC (104.17 £ 20.83 ug mL ") and MIC values, as
shown in Table 5. The MBC/MIC ratio for both HP-RM and
reishi mushroom was less than 4, suggesting bactericidal effects
against the tested pathogens.

3.6.2 Comparison with previous studies

3.6.2.1 Progesterone and its derivatives. Kalayci-Yiiksek et al.
(2021) highlighted the antimicrobial potential of proges-
terone,* while Dogan et al. (2017) reported its inability to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 3D and 2D visualizations of the interactions between estrogen receptor alpha (ERa) and progesterone.

Table 5 Zone of inhibition of progesterone hormone and encapsu-
lating formula (HP-RM) against different microbial species®

Zone of inhibition

Tested organisms Reishi mushroom Encapsulating formula

Str. agalactiae 15.00 + 1.73 19.33 + 2.40
S. aureus 13.33 £ 1.76 17.00 £ 2.08
E. coli 12.00 £ 2.31 16.00 + 2.31
K. puemoniae 9.33 £ 1.76 12.67 £ 1.76
C. albicans 10.00 £+ 1.15 12.67 + 0.67

% Data are expressed as means + SE * significant difference at P < 0.05.

inhibit S. aureus and E. coli.** The presence of amino linkage (-
N=C-) in progesterone derivatives has been linked to enhanced
antimicrobial activity against Gram-positive (S. aureus), Gram-
negative (E. coli), and fungal pathogens.®*®® Gurgan et al
(1993) attributed the antibacterial effects of progesterone to
lysozyme enzymes, which disrupt microbial cell walls.*

3.6.2.2  Reishi mushroom extracts. Reishi mushroom acetone
and methanol extracts demonstrated significant antibacterial
activity against K. pneumoniae (31.60 = 0.10 mm and 21.30 +
0.06 mm, respectively), E. coli (27.40 = 0.19 mm and 20.10 +
0.20 mm, respectively), and S. aureus (18.00 £ 0.20 mm and
16.30 £ 0.20 mm, respectively). The MIC values for K. pneumo-
niae, E. coli, and S. aureus were 4.33 = 0.33 mg mL™Y, 8.17 +
0.48 mg mL ', and 19.00 + 0.00 mg mL ", respectively. Kamra
and Bhatt (2012) reported similar findings, with reishi

mushroom extracts showing a MIC of 31.3 pg mL ™' against K.
pneumoniae.”” Daruliza et al. (2012) noted the antifungal activity
of methanolic reishi mushroom extract against C. albicans
(MIC: 3.125 mg mL™ ", inhibition zone: 12.8 + 0.25 mm),* while
Roy et al. (2016) found no antifungal activity in ethyl acetate
extracts.”

3.6.3 Mechanisms of antimicrobial action. Reishi mush-
room contains bioactive compounds such as lectins, poly-
saccharides, triterpenoids, ganoderic acid, terpenes, and
ganomycin, which contribute to its antimicrobial properties.”
These compounds inhibit critical cellular processes, including
oxygen uptake, oxidative phosphorylation, and DNA produc-
tion,**** thereby preventing microbial growth and multiplica-
tion. Terpenes, in particular, are thermally stable and have
a prolonged half-life in the host body. Ganoderic acid exhibits
stronger antibacterial activity against Gram-positive bacteria
than Gram-negative bacteria.”® Ergosta-5,7,22-triene-3f3,140-
diol, extracted from reishi mushroom, has shown remarkable
effectiveness against methicillin-resistant S. aureus (MRSA) and
Streptococcus pyogenes.®® Additionally, reishi mushroom extracts
have demonstrated superior antibacterial effects compared to
antibiotics like penicillin and streptomycin, highlighting their
potential for disease prevention and treatment.”” The anti-
candidal activity of reishi mushroom is attributed to its ability
to suppress mycelium development.®®

3.6.4 Antimicrobial and oncological relevance. The anti-
microbial activity of the progesterone-reishi mushroom (HP-
RM) composite represents a significant advancement in the
development of multifunctional therapeutic agents. The results

Table 6 MIC, MBC and MIC/MBC ratios of progesterone hormone and encapsulating formula against different microbial species®

Reishi mushroom (ug mL ™)

HP-RM (ug mL ")

Tested organisms MIC MBC MBC/MIC ratio MIC MBC MBC/MIC ratio
Str. Agalactiae 83.33 £+ 20.83 145.83 £+ 55.12 1.7 41.60 £+ 10.30 52.10 £ 10.40 1.3

S. aureus 83.33 + 20.83 145.83 £+ 55.12 1.7 52.10 £ 10.40 72.93 £ 27.55 1.4

E. coli 166.67 + 41.67 250.00 + 125.00 1.5 83.33 £ 20.83 104.17 £+ 20.83 1.2

K. puemoniae 104.17 £+ 20.83 166.67 + 41.67 1.6 104.17 4+ 20.83 104.17 4+ 20.83 1

C. albicans 104.17 £ 20.83 145.83 £+ 55.12 1.4 83.10 £ 10.40 105.17 £+ 19.83 1.3

“ Data are expressed as means + SE * significant difference at P < 0.05.
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highlight the composite's potent activity against Gram-positive
pathogens, such as Streptococcus agalactiae and Staphylococcus
aureus, with zones of inhibition measuring 19.33 £ 2.40 mm
and 17.00 £+ 2.08 mm, respectively. This enhanced activity
compared to plain reishi mushroom suggests a synergistic
interaction between progesterone and the bioactive compo-
nents of the mushroom, which may disrupt microbial cell walls
and inhibit critical cellular processes such as oxygen uptake and
DNA production. The lower MIC and MBC values for HP-RM
against Gram-positive bacteria (e.g., Str. Agalactiae: MIC =
41.60 + 10.30 pg mL; MBC = 52.10 + 10.40 pg mL ") further
underscore its efficacy, as these values indicate the composite's
ability to inhibit and kill pathogens at lower concentrations.
The MBC/MIC ratios for HP-RM, consistently below 4, confirm
its bactericidal nature, a critical attribute for therapeutic
applications. The composite also demonstrated notable activity
against Gram-negative bacteria and Candida albicans, albeit
with slightly reduced efficacy compared to Gram-positive path-
ogens. For instance, inhibitory zones of 16.00 + 2.31 mm for E.
coli and 12.67 + 0.67 mm for C. albicans were observed, with
MIC values of 83.33 + 20.83 ug mL ™" and 83.10 + 10.40 ug
mL ", respectively. This aligns with previous studies that have
reported the antimicrobial potential of reishi mushroom
extracts against Gram-negative bacteria and fungi, albeit with
varying degrees of effectiveness. The observed differences in
activity between Gram-positive and Gram-negative bacteria may
be attributed to the structural complexity of Gram-negative cell
walls, which contain an outer membrane that limits the pene-
tration of antimicrobial agents. However, the presence of
ganoderic acid and other triterpenoids in the composite likely
enhances its ability to disrupt microbial membranes, even in
Gram-negative species. The antimicrobial mechanisms of HP-
RM can be further elucidated by considering the individual
contributions of its components. Progesterone, though not
traditionally recognized for its antimicrobial properties, has
been shown to exhibit activity against certain pathogens,
particularly when modified or combined with other bioactive
compounds. The encapsulation of progesterone within the
reishi mushroom matrix may enhance its stability and
bioavailability, thereby amplifying its antimicrobial effects.
Additionally, the bioactive compounds in reishi mushroom,
such as terpenes and ganoderic acid, are known to exhibit
strong antibacterial and antifungal properties, particularly
against Gram-positive bacteria and fungi. These compounds
likely act synergistically with progesterone to enhance the
overall antimicrobial efficacy of the composite. In comparison
to previous studies, the antimicrobial activity of HP-RM is
consistent with findings that highlight the potential of reishi
mushroom extracts as natural antimicrobial agents. For
example, reishi mushroom extracts have been reported to
exhibit significant antibacterial activity against Klebsiella pneu-
moniae and antifungal activity against C. albicans. The results of
this study build on these findings by demonstrating that the
encapsulation of progesterone within the reishi mushroom
matrix not only retains but enhances the antimicrobial prop-
erties of the individual components. This suggests that HP-RM
could serve as a promising alternative to conventional
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antimicrobial agents, particularly in the context of multidrug-
resistant pathogens. In conclusion, the antimicrobial assays
conducted in this study highlight the potential of the proges-
terone-reishi mushroom composite as a multifunctional ther-
apeutic agent with broad-spectrum antimicrobial activity. The
composite's ability to inhibit and kill Gram-positive pathogens,
coupled with its moderate activity against Gram-negative
bacteria and fungi, underscores its potential for applications
in both medical and pharmaceutical contexts. Future studies
could explore the mechanisms underlying the synergistic effects
of progesterone and reishi mushroom bioactive compounds, as
well as the potential for HP-RM to be incorporated into topical
or systemic antimicrobial formulations. The simultaneous
administration of antibacterial and anti-cancer treatments is
often necessary in several scenarios encountered in oncology
practice. Cancer patients, especially those undergoing chemo-
therapy, radiotherapy, or immunosuppressive therapies, are at
increased risk of developing bacterial infections due to
compromised immune function. For example, in cases of
febrile neutropenia-a common and potentially life-threatening
complication in patients receiving cytotoxic chemotherapy-
prompt empirical antibacterial therapy is essential and is
administered concurrently with ongoing anti-cancer treatment
to prevent severe infectious complications. Additionally, certain
cancers may become secondarily infected, particularly when
tumors ulcerate, become necrotic, or are associated with
chronic wounds, as seen in advanced breast or head and neck
cancers. In such cases, antibacterial therapy is required along-
side anti-cancer treatment to manage local or systemic infec-
tions. Post-surgical infections, device-related infections (e.g.,
central venous catheters), and infections following invasive
procedures are also common in cancer patients and necessitate
combined therapeutic approaches. Furthermore, in specific
malignancies with an infectious etiology, such as gastric MALT
lymphoma associated with Helicobacter pylori, eradication of
the causative bacteria using antibiotics is an integral part of the
anti-cancer regimen. Prophylactic antibiotics may also be
administered to high-risk patients, such as those undergoing
hematopoietic stem cell transplantation, to prevent opportu-
nistic infections during periods of profound immunosuppres-
sion. The development of therapeutic agents, such as the
progesterone-reishi mushroom composite described in our
study, that possess both anticancer and antimicrobial proper-
ties, may offer additional benefits for immunocompromised
cancer patients by simultaneously addressing tumor progres-
sion and infection risk. We have clarified these points in the
revised manuscript to highlight the clinical relevance of dual-
action therapies in oncology.

3.7 Results of accelerated stability study

3.7.1 Stability of progesterone-reishi mushroom
composite. At time zero, the composite exhibited high proges-
terone loading efficiency (98.10%), uniform particle size, and
a zeta potential indicating good colloidal stability, consistent
with previous biopolymer-based encapsulation studies.* After 3
months, the progesterone content remained at 96.8%, particle

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Zone of inhibition of reishi mushroom and encapsulating formula against different microbial species.

size showed a slight increase, and zeta potential decreased
marginally, yet no aggregation or sedimentation was observed
the cumulative release over 48 hours decreased slightly to 86.4%
(vs. 88.25% at zero time), indicating sustained release capability
was largely retained.**>'* At 6 months, the composite retained
94.2% of its initial progesterone content. Physical and param-
eters remained stable. The cumulative release declined slightly
to 83.7%, as illustrated in Table 7 and Fig. 18a-d and 19a-d.
These findings align with other reports on the stability of
natural  polymer-based  systems  under  accelerated
conditions.?”10%102

3.7.2 Antimicrobial activity of the progesterone-reishi
mushroom composite during accelerated stability testing. The
antimicrobial activity of the progesterone-reishi mushroom
composite (HP-RM) was systematically assessed at zero time, 3
months, and 6 months during accelerated stability testing (40 ©
C £ 2 °C/75% =+ 5% RH). The results, presented in Table 8,
demonstrate the composite's broad-spectrum antimicrobial
efficacy and its robust retention over the entire storage period.
At the initial time point, HP-RM exhibited potent inhibitory and

bactericidal/fungicidal activity against both Gram-positive and
Gram-negative bacteria, as well as Candida albicans. The
minimum inhibitory concentration (MIC) for streptococcus
agalactiae was 41.60 + 10.30 ug mL™', with a corresponding
minimum bactericidal concentration (MBC) of 52.10 + 10.40 pg
mL ™! and an MBC/MIC ratio of 1.3. For Staphylococcus aureus,
the MIC was 52.10 & 10.40 ug mL ™", MBC was 72.93 & 27.55 ug
mL~", and the MBC/MIC ratio was 1.4. Against Escherichia coli
and Klebsiella pneumoniae, the MIC values were 83.33 £ 20.83 pg
mL™" and 104.17 + 20.83 ng mL™, respectively, with corre-
sponding MBC/MIC ratios of 1.2 and 1.0. The composite also
demonstrated antifungal activity against C. albicans (MIC =
83.10 + 10.40 ug mL ™', MFC = 105.17 4 19.83 pg mL™ ', MFC/
MIC = 1.3). After 3 months of accelerated storage, all tested
organisms showed only minor increases in MIC and MBC/MFC
values. The MIC for S. agalactiae increased to 43.40 + 10.80 pg
mL~", and for S. aureus to 53.90 + 10.85 pg mL ™', with MBC/
MIC ratios remaining unchanged. Similar trends were
observed for E. coli, K. pneumoniae, and C. albicans, indicating
that the composite retained its antimicrobial potency at this

Table 7 Stability and characterization parameters of progesterone—reishi mushroom composite (HP-RM) under accelerated conditions (40 °C +

2 °C/75% + 5% RH)*

Parameter Zero time 3 months 6 months
Progesterone content (%) 98.10 £ 1.2 96.80 + 1.5 94.20 £ 1.8
Mean particle size (um) 512.00 £ 2.25 nm 515 £ 0.40 520.05 £ 0.50
Polydispersity index (PDI) Monomodal Monomodal Polymodal
Zeta potential (mV) —42.03 + 1.63 —39.7 £ 1.3 -351+1.5
Encapsulation efficiency (%) 98.10 + 0.56 97.10 + 0.67 95.80 £ 0.74
48 h cumulative release (%) 88.25 + 2.1 86.40 £ 2.3 83.70 £+ 2.6

¢ All values are expressed as mean =+ SD (n = 3).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 Particle size distribution curves of (A) the blank reishi mushroom vs. HP-RM at different time intervals (B) zerotime (0 months), (C)

accelerated 3 months and (D) accelerated 6 months.
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Table 8 Antimicrobial activity of progesterone—reishi mushroom composite (HP-RM) during accelerated stability testing (40 °C + 2 °C/75% +

5% RH)*

Tested organism Parameter Zero time 3 months 6 months

Str. Agalactiae MIC (ug mL™?) 41.60 + 10.30 43.40 + 10.80 45.10 + 11.20
MBC (ug mL™) 52.10 & 10.40 55.20 + 11.10 58.70 & 12.15
MBC/MIC ratio 1.3 1.3 1.3

S. aureus MIC (ug mL™) 52.10 & 10.40 53.90 + 10.85 55.80 & 11.30
MBC (ug mL™) 72.93 + 27.55 75.60 + 28.30 78.20 + 29.45
MBC/MIC ratio 1.4 1.4 1.4

E. coli MIC (pg mLfl) 83.33 £ 20.83 86.50 £ 21.60 89.75 £ 22.40
MBC (ug mLfl) 104.17 £ 20.83 108.10 £ 21.65 112.30 £ 22.90
MBC/MIC ratio 1.2 1.2 1.3

MIC (ug mL ™)
MBC (ug mL ™)
MBC/MIC ratio
MIC (ug mL™Y)
MFC (pg mL ™)
MFC/MIC ratio

K. pneumoniae

C. Albicans

104.17 £+ 20.83
104.17 £+ 20.83
1.0

83.10 £ 10.40
105.17 £+ 19.83
1.3

108.10 £ 21.65
108.10 £ 21.65
1.0

86.30 £ 11.10
109.20 £ 20.60
1.3

112.30 £ 22.90
112.30 £ 22.90
1.0

89.50 £ 11.70
113.40 £+ 21.90
1.3

“ All values are expressed as mean + SD (n = 3).

intermediate time point. At 6 months, the HP-RM composite
continued to exhibit strong antimicrobial activity, with MIC and
MBC/MFC values showing only modest further increases
compared to the initial and 3 month values, where the MIC for
S. agalactiae was 45.10 & 11.20 pg mL™ ", and for S. aureus was
55.80 4+ 11.30 pg mL '. All MBC/MIC and MFC/MIC ratios
remained well below 4 throughout the study, confirming the
continued bactericidal and fungicidal efficacy of the
composite.'® Overall, these results demonstrate that the
progesterone-reishi mushroom composite maintains its broad-
spectrum antimicrobial activity throughout six months of
accelerated storage, with only minimal reductions in
potency.’”*°>*** This stability is indicative of the composite's
potential for long-term pharmaceutical applications requiring
both hormonal and antimicrobial effects.

3.8 Study limitation and future perspective

A key limitation of the present study is that all Ganoderma
lucidum (Reishi mushroom) fruiting bodies were sourced from
a single commercial batch to ensure material consistency and
minimize variability during the experimental procedures. While
this approach enhances reproducibility within the current
study, it does not account for potential batch-to-batch differ-
ences that may arise due to variations in cultivation conditions,
harvest time, or processing methods. Such variability could
influence the physicochemical properties and bioactive
compound content of the mushroom matrix, potentially
affecting encapsulation efficiency, drug release profiles, and
biological activity. Therefore, future studies should include the
evaluation of multiple independent batches of Ganoderma
lucidum, accompanied by comprehensive compositional
profiling-such as quantification of key bioactive constituents
(e.g., polysaccharides, triterpenoids)-to assess the robustness
and generalizability of the encapsulation approach. Another
important limitation is that the current research was restricted
to in vitro experiments (cytotoxicity and antibacterial assays).

© 2025 The Author(s). Published by the Royal Society of Chemistry

While these findings provide valuable initial insights, they do
not fully represent the complex interactions, pharmacody-
namics, and potential toxicological effects that may occur in
vivo. Therefore, future research should include animal experi-
ments to investigate the in vivo pharmacokinetics, bio-
distribution, therapeutic efficacy, and safety profile of the
progesterone-reishi mushroom composite in relevant models.
Such studies are essential to validate the translational potential
of this delivery system and to address key questions regarding
its biocompatibility, metabolism, and long-term effects. Addi-
tionally, the cytotoxicity evaluation in this study was limited to
a single tumor cell line (MCF-7 breast cancer cells). To better
understand the spectrum and selectivity of the composite's
anticancer activity, future studies should assess its cytotoxic
effects against a broader panel of tumor cell lines, including
both hormone-dependent (e.g., T47D, LNCaP) and hormone-
independent (e.g.,, MDA-MB-231, HeLa, A549) cancers. This
would provide a more comprehensive assessment of its thera-
peutic potential and possible mechanisms of action. Further
research should also explore the scalability of the encapsulation
process. These findings highlight the need for further optimi-
zation and in vivo studies to fully assess the therapeutic
potential and clinical applicability of the progesterone-reishi
mushroom composite. Addressing these aspects will be essen-
tial for translating this innovative delivery system into practical
applications for hormone replacement therapy and targeted
anticancer treatment.

4 Conclusion

This study addresses the limitations of conventional hormone
replacement therapy (HRT) and hormone-dependent cancer
treatments by developing an innovative progesterone-reishi
mushroom (Ganoderma lucidum) composite. Encapsulating
progesterone within the reishi mushroom matrix enhances its
bioavailability, stability, and targeted delivery while minimizing

RSC Adv, 2025, 15, 19392-19416 | 19411
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side effects. The composite demonstrates sustained release,
ensuring prolonged therapeutic action, and exhibits superior
anticancer activity compared to free progesterone, making it
a promising candidate for lower-dose, high-efficacy treatments.
Molecular docking studies reveal the synergistic potential of
progesterone and ganoderic acid A, a bioactive compound in
reishi mushroom, in modulating hormone receptors and
inhibiting cancer progression. Additionally, the composite
shows significant antimicrobial activity, particularly against
Gram-positive pathogens, highlighting its multifunctional
therapeutic potential. By integrating natural bioactive
compounds with synthetic hormones, this research offers
a safer, more effective, and targeted approach to therapy. The
progesterone-reishi mushroom composite represents a signifi-
cant advancement in drug delivery, combining hormonal
regulation with anticancer and antimicrobial properties, and
paving the way for novel treatments in women's health and
cancer therapy. Furthermore, its physicochemical and func-
tional robustness under accelerated storage conditions (40 °C +
2 °C/75% + 5% RH) confirms the stability of the formulation,
reinforcing its potential for pharmaceutical applications.
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