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Long valued for their therapeutic qualities, shiitake mushrooms (Lentinula edodes) are a staple of traditional
Asian medicine and cuisine. They are high in bio-actives such as polysaccharides, proteins, lipids, vitamins,
minerals, sterols, and phenolic compounds, which exhibit immunomodulatory, anticancer, antibacterial,
anti-inflammatory, and anti-oxidant properties. Despite these advantages, the limited bioavailability and
stability of shiitake's bio-active components often restrict their therapeutic use. Recent advances in
nanotechnology have led to the development of nanoemulsions to encapsulate bioactives, which
enhanced their bioavailability, stability, and therapeutic efficacy. In this study, we developed a biopolymeric
blend of zein and chitosan as a nanoemulsion for the encapsulation of crude shiitake extract. Focusing on
the synthesis and refinement of bio-compatible nanoemulsion formulations, this study investigates the
medicinal potential of shiitake mushrooms and their nanoemulsions using several in vitro assays: the DPPH
assay for anti-oxidant activity; the BSA denaturation assay for anti-inflammatory activity; the MIC test for
antimicrobial activity; and the MTT assay for anticancer activity. This study aimed to attain three main goals:
synthesis of nanoemulsions, biochemical analysis of shiitake extracts, and in vitro characterization of the
therapeutic efficacy of the resulting formulations. This study found that shiitake nanoemulsions showed
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1. Introduction

Shiitake mushrooms (Lentinula edodes), traditionally consumed
as food, are rich in bioactive compounds such as poly-
saccharides (lentinan and B-glucan), proteins, lipids, vitamins
(B and D), minerals, sterols, and phenolic compounds and
hence have been used to treat various ailments.! In traditional
Asian  medicine, shiitake are known to  wield
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pharmaceuticals, nutraceuticals, cosmetics, medicine, and the food industry.

immunomodulatory, anticancer, antimicrobial, anti-
inflammatory, anti-oxidant and cholesterol-lowering proper-
ties.> Owing to these diverse therapeutic benefits, shiitake
mushrooms are increasingly in demand as a functional food
and are gaining recognition as an extraordinary potent source of
novel therapeutic agents in modern medicine.®* However,
a major limitation in their application is the poor bioavailability
and stability of their bioactive components, but these chal-
lenges can be overcome through advanced drug-delivery
systems.

Nanotechnology offers a promising solution to improving
the bioavailability, stability, delivery efficacy, and therapeutic
potential of bioactive molecules via nanocarriers such as
nanoemulsions. Nanoemulsions are ultra-fine oil-in-water or
water-in-oil dispersions with minuscule droplet sizes ranging
from 20 to 200 nanometres. Their large surface area facilitates
the enhanced absorption and improved bioavailability of
encapsulated compounds.* The desired therapeutic compo-
nents derived from the mushrooms can be encapsulated within
nanoemulsions for their targeted delivery with minimal loss of
function and efficacy.>*

In cancer therapy and imaging, nanoemulsions exhibit
unique and dynamic properties, which make them promising
candidates for targeted drug delivery and cancer cell imaging.”*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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A wide range of advanced techniques are employed for nano-
emulsion fabrication, e.g., high-pressure homogenization,
ultrasonication and microfluidization, which require high
frequency or applied force to form uniformly dispersed and
stable bi-phase nanodroplets.’

In addition to the synthesis method, the selection of emul-
sifying agents affects the physiochemical properties and
bioavailability of encapsulated drug components.’ Both
natural and synthetic polymers have been used to stabilize
nanoemulsions and enhance drug loading and retention,
thereby improving the therapeutic index and efficacy even at
low dosages. The retention time of shiitake and flavours were
noticeably enhanced after encapsulating in cyclodextrin and
maltodextrin powders.®

In a preliminary study, gelatin and carboxymethylcellulose
microcapsules containing shiitake essential oil (SEO) were
synthesized via complex coacervation to prevent oxidation and
enable controlled release.”* Subsequently, the development of
shiitake polysaccharide water-in-oil nanoemulsion with
a droplet size of 144.5 nm significantly enhanced stability,
absorption and anti-tumor activity, indicating its potential in
the health, food and pharmaceutical sectors.”

Among all the polymers, chitosan is a non-toxic, protective-
layer, film-forming, and biodegradable bio-polymer used in
biomedical applications.” Its structure contains aromatic rings
with one or more hydroxyl groups and positively charged amino
groups, enabling strong ionic interactions to form films and
barrier protective layers.'>** However, the application of pure
chitosan-based films is limited owing to the films' chemical
instability in acidic and alkaline environments and their swelling
behavior in water.'*** Therefore, blending with other polymers or
ceramics is often required to improve the stability and flexibility
of the chitosan film coating as per the desired purposes.

Zein, a biodegradable polymer derived from corn, exhibits
strong moisture resistance and film-forming capabilities, and has
been explored for various applications. For instance, chitosan—
zein (Cs-Zn) coated PGE nanoliposomes loaded with Pulicaria
gnaphalodes extract have been used in the meat industry as active
packaging materials.” In another study, chitosan/zein/lemon
essential oil (LEO) composite films (C/Z/L films) with varying oil
concentrations improved the anti-oxidant and antibacterial
properties of the mushrooms during refrigerated storage, at 4 °C
for 12 days."” These studies demonstrated that zein dispersion
with chitosan improves mechanical properties while reducing
moisture permeability.””"* As mentioned above, shiitake essential
oils and polysaccharides are readily oxidized and degraded under
extreme light, heat, and oxygen conditions, but their encapsula-
tion within film coatings can enhance their stability—an
approach widely applied in the food, pharmaceutical, cosmetic,
and agricultural industries.”*** These studies proven that many
active compounds are susceptible to environmental degradation,
coated with the biopolymer-based films having antibacterial, anti-
oxidant, and other functional properties ensure the stability and
controlled release of bioactives.'>**

Hence, the encapsulation of shiitake bio-actives in nano-
emulsions could revolutionize their applicability in food, cosmetic
and biomedical industries. The aim of our study is to develop
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a novel polymeric blend for encapsulating shiitake bioactives in
the form of nanoemulsions to enhance their bioavailability and
stability via a cutting-edge nanotechnology approach. By investi-
gating the therapeutic efficacy of shiitake encapsulated within
zein-chitosan nanoemulsions, we seek to develop and optimize
nanoemulsion formulations and evaluate their applicability as
novel advanced drug delivery systems. This research demon-
strates shiitake-zein-chitosan nanoemulsions as a novel, superior
therapeutic system that can be potentially used as a potent
delivery system for clinical and nutraceutical applications.

2. Materials and methods

Dried shiitake mushrooms were procured from a local market,
and all reagents used for sample preparation and character-
ization were of high purity grade. To prepare the stock solution,
50 mg of dried mushroom powder was dissolved in 50 mL of
0.1 M acetic acid at 50 °C for 2 hours under constant stirring.
After complete dissolution, the extract was filtered to remove
the undissolved impurities or bulky particles and the filtrate
was stored at 4 °C for subsequent in vitro testing and nano-
emulsion preparation. The shiitake-loaded zein-chitosan
nanoemulsion was formulated using a liquid-liquid dispersion
method.? In brief, fresh stock solution (1 mg mL™') of the
shiitake extract diluted into variable dilutions having concen-
tration (20, 40, 60, 80, 100 pg mL ™), 1% w/v zein solution dis-
solved in 90% ethanol, and 2% w/v chitosan solution dissolved
in 1% v/v acetic acid were prepared under aseptic conditions
and kept at RT (27 °C). Subsequently, the zein solution was
mixed with different concentrations of the shiitake extract
under continuous stirring at 500 rpm up to 1 hour, and the
samples were then diluted with glycerol (0.6 mL for 100 mL
solution) as a plasticizer. Later, the outer coating of chitosan
was prepared by adding it dropwise into the zein-shiitake blend
in various ratios (1:1, 2:1, and 3 : 1), followed by mixing them
at 80 °C and 500 rpm for 1-2 hours and freeze-drying to ensure
thorough mixing and encapsulation.

2.1 Characterization of the fabricated drug loaded scaffold

2.1.1 Morphological analysis. The characterization process
of the prepared nanoemulsions involves assessing their various
properties to gain insights into their structure-property rela-
tionships and optimize their formulation for specific applica-
tions such as wound healing and tissue remodeling. Key aspects
typically evaluated during this process include understanding
the structure, composition, and performance of the sample.>***
The morphological structure analysis of the shiitake-zein-chi-
tosan (SZC) nanoemulsion samples was conducted through
straightforward visualization ie., macro- and microscopic
observation.”® The formation of emulsified solutions and
measurement of the emulsion shape and surface features were
carried out using optical microscopy, field emission scanning
electron microscopy (FESEM) and TEM image analysis through
Image] software. For ultrastructure analysis, one drop of the
nanoemulsion was placed on the grid and visualized through
TEM (CMIZ, Philips EM400, Kyoto, Japan) at 80 KkV
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Subsequently, the particle size of the nanoemulsion was eval-
uated using dynamic light scattering (Malvern, UK), by diluting
the nanoemulsion in distilled water and analyzed using a Zeta-
sizer. Data were expressed as mean £ SD and a p value of = 0.5
was considered statistically significant.

2.1.2 Physiochemical analysis. For clinical application, the
pH of the nanoemulsion was measured using a digital pH
meter, and the viscosity was measured using a Brookfield
viscometer (Brookfield Engineering Laboratories, Inc., Middle-
boro, MA, USA).>* The data were taken in triplicate and
expressed as mean =+ SD.

For uniform dispersion and dermal sorption, the spread-
ability of the prepared nanoemulsion was measured using the
standard protocol given in the literature.”” In brief, the samples
were placed between the two glass slides. The upper slide was
connected to a balance via a hook, and the lower slide was fixed
to a wooden plate. The following formula was used for evalu-
ating the spreadability of the prepared nanoemulsion gel:

S=Mx LIT,

where S represents the spreadability (g cm s ), M represents
the mass of the gel deposited between the two slides, L repre-
sents the length of slide, and ¢ is the detachment time of the
upper slide.

The functional groups and chemical interactions between
the nanoemulsion constituent parts were investigated using
FTIR spectral analysis.”® For this qualitative examination,
crushed pellets of the sample were prepared with potassium
bromide (at a ratio of 1:900 mg), and an FTIR spectropho-
tometer (Thermo Nicolet, USA) was used to record absorbance

in the range of 4000-400 cm™ .

2.2 In vitro antioxidant assay

The DPPH assay was used to evaluate the antioxidant activity of
the prepared shiitake extract dilutions in triplicate. The assay
measured the ability of antioxidants to scavenge the stable free
radical DPPH.” In brief, all the reagents and test samples
(chitosan-zein (CZ) emulsion, shiitake crude extract and SCZ
nanoemulsions) were added to separate test tubes as follows:
negative control (1000 pL DPPH, 200 pL ethanol, and 800 pL
Tris—HCl), positive control (1000 uL DPPH, 200 nL ascorbic acid,
and 800 pL Tris-HCI), and test groups (1000 pL. DPPH, 200 uL
test samples, and 800 pL Tris-HCl). The mixtures were incu-
bated for 30 minutes in the dark, and their absorbance was
measured at 517 nm. The inhibition activity ratio and ICs, were
calculated using the following formula:

Absorbance of control — Absorbance of sample

% Inhibition =
o Inbition Absorbance of control

x 100.

2.3 In vitro anti-inflammatory assay

The anti-inflammatory activity of the shiitake extracts and their
nanoemulsion was determined using the BSA denaturation
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assay.* Different concentrations of chitosan-zein (CZ) emul-
sion, shiitake crude extract, SCZ nanoemulsions and standard
NSAID (diclofenac) (20, 40, 60, 80, and 100 pug mL™ ") were
prepared. The reaction mixture was prepared by adding 1 mL of
BSA solution to 1 mL of each dilution of the shiitake extract,
diclofenac, and nanoemulsions. The mixture was incubated at
37 °C for 15 minutes and then heated at 70 °C for 5 minutes.
The optical density (OD) of the solutions was measured at
660 nm to calculate the percentage of denaturation using the
following equation:

BSA denaturation% =

Absorbance of control — Absorbance of sample o

100.
Absorbance of control

2.4 In vitro antimicrobial activity

The antimicrobial activity of the test samples was tested against
fungal as well as Gram positive and negative bacterial strains
using the broth dilution method.** Freshly prepared nutrient
broth was inoculated with 1 pg or 1 pL of pure microbial culture
(positive control). Serial dilutions of the crude mushroom
extract and its nanoemulsions stock solution (20, 40, 60, 80 and
100 pg mL™') at a concentration of 1 mL were added to test
tubes containing 5 mL of nutrient broth, inoculated with 5 pL of
pure microbial culture. All the reagents were mixed well and
incubated at 37 °C for 12 hours (E. coli and P. aeruginosa) and 48
hours (S. aureus) duration. After the incubation period, the
absorbance of the samples was measured at 620 nm to deter-
mine antibacterial activity, where the absorbance of the sample
indicates bacterial growth in the medium. However, the anti-
fungal activity of the samples was tested against the fungal
strain Candida albicans, cultured in potato dextrose broth,
(PDB) followed by incubation at 35 °C for 48 hours. The effec-
tiveness of the shiitake extract and nanoemulsion was inter-
preted as half maximal inhibitory concentration (ICs),
minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC), shows complete inhibition of
microbial visibility and was calculated using the linear regres-
sion method. In brief, for MIC determination, appropriate
controls were set up: negative control (containing only the
medium, without drug and no bacterial inoculation) taken as
baseline for no growth; positive control (containing only the
medium, bacterial inoculation without drug) represents
maximum growth control or baseline for growth. Here, we used
the absorbance of the negative control to calculate the MIC of
the test sample in the equation y = mx + ¢, derived using the
linear regression method.

2.5 In vitro anticancer activity

The anticancer activity of the shiitake extracts and nano-
emulsion was assessed using the standard MCF-7 breast cancer
cell line (ATCC number HTB-22), procured from the university's
cancer lab.?*” Cancer cells were cultured in a cell specific nutrient
growth medium by placing the tissue culture plates or flask in
the CO, incubator at 37 °C with 5% CO, supply until the sub-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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confluent stage was reached. Once the cultured cells reached
the sub-confluent stage, they were harvested via the trypsini-
zation method, and cell viability was measured using the trypan
blue exclusion assay. The cytotoxic effect of the extracts and
nanoemulsions was determined using a 96-well tissue culture
plate method. In brief, samples (negative control: no treatment;
positive control: cisplatin (15 ug mL™"); test samples - shiitake
crude extract and SCZ nanoemulsions of variable concentra-
tion: 20 ug mL ") at a concentration of 15 uM were added into
the wells containing 100 pL cell culture medium and 5 pL cell
suspension (1 x 10° cells per pL). All the components were
mixed well, and the cell culture plates were incubated in a CO,
incubator at 37 °C for 24 and 72 hours. After incubation, cell
viability of the incubated samples was assessed using the MTT
assay by measuring absorbance at 570 nm. All the samples were

A. SCZ Nano-emulsion
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prepared in triplicate, and quantitative results were statistically
analyzed (mean + SD) to evaluate significant differences and
calculate ICs, using the linear regression method. Subse-
quently, the cell proliferation rate was assessed through
microscopic examination after 72 hours of incubation.

3. Results

3.1 Verification of nanoemulsion formation

The zein-chitosan blend yielded optimal results when mixed in
a 2:1 ratio, producing a more homogeneous nanoemulsion
compared with other formulations. The resulting shiitake-
encapsulated nanoemulsions (SCZ-1-5) with variable concen-
trations of the shiitake extract (20, 40, 60, 80 and 100 pg mL™ ",
respectively) were further optimized by measuring the droplet

Macroscopic images of SCZ nanoemulsions (shiitake concentration 20, 40, 60, 80 and 100ug/ml)
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Fig. 1 Synthesis of shiitake-encapsulated nanoemulsions: (A) chitosan—zein (CZ) polymeric blend, shiitake-chitosan—zein (SCZ) nanoemulsions
with variable shiitake concentrations; (B) microscopic examination of concentration dependent SCZ nanoemulsions 100x: SCZ-1 (20 pg mL™),
SCZ-2 (40 ug mL™Y), SCZ-3 (60 ug mL™Y), SCZ-4 (80 pg mL™Y, and SCZ-5 (100 pg mL); (C) ultrastructure of SCZ nanoemulsions at a 500 nm
scale: FESEM images of (a) CZ, (b) SCZ-1, (c) SCZ-2, (d) SCZ-3, (e) SCZ-4 and (f) SCZ-5 and (g) TEM image of SCZ-5 show significant variation in

the droplet size depending on the concentration.
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Table 1 Summary of the physiochemical properties (droplet size, pH, viscosity, and spreadability) of the SCZ nanoemulsions, and significant
difference (mean + S.D) in the physicochemical parameters (size, pH, viscosity and spreadability)

Nanoemulsion samples SCZ-1 SCZ-2 SCZ-3 SCZ-4 SCZ-5

% shiitake extract (ug mL ") 20 40 60 80 100

Droplet size (nm) 629.6 = 10.25 448 £ 17.65 322.4 £11.24 252.1 £ 7.87 181.3 £ 3.67
pH 6.14 £ 0.02 6.07 £ 0.03 5.87 £0.01 5.69 £ 0.04 5.48 £ 0.01
Viscosity (cps) 12 865 + 2.30 11996.33 £ 3.66 11 887.67 £ 4.33 11775.33 £+ 4.84 11686.67 = 1.66
Spreadability (g cm s™) 6.75 + 0.02 6.44 + 0.02 6.17 + 0.01 5.92 + 0.03 5.61 4 0.03

size, pH, viscosity, and chemical interaction between the
components using standard techniques to ensure stability
against coalescence and phase separation (Fig. 1A). The
microscopic images showed the formation of nanometer range
emulsion droplets; however, the droplet size consistently
decreased from 629 nm to 181 nm with increasing concentra-
tion of the shiitake crude extract (20-100 pg mL~") owing to
greater separation of the oil phase in the SCZ emulsified solu-
tion (Fig. 1B). The high-resolution microscopic study of FESEM
and TEM images (Fig. 1C) of nanoemulsion showed the ultra-
structure and confirmed the encapsulation of shiitake extract
with a cross-linked zein-chitosan polymeric coating. The poly-
meric zein-chitosan blend (CZ) showed larger droplet forma-
tion with an average size of 699 + 53.5 nm, which made the
blend comparatively less stable than the SCZ emulsions.
Subsequently, other physicochemical parameters were assessed
(Table 1). The pH of the SCZ nanoemulsions ranged from 6.14
to 5.48, which is suitable for maintaining the balance of the
skin's natural oils and protecting it from harmful bacteria. The
viscosity and spreadability of the SCZ nanoemulsions ranged
from 12 865 cps to 11 686 cps and 6.75gcms™ ' to 5.61gems
respectively, indicating a better sorption rate and spreadability.
In previous studies, the polymeric-formulated nanoemulsion
gel exhibited a pH range of 6.01-6.13, viscosity of approximately
12 000 cps, and spreadability of 5.8-6.4 g cm s~ *, which are
considered optimal for topical application.”®** Moreover, the
chitosan-zein polymeric blend, owing to its hydrophilic (chi-
tosan) and hydrophobic (zein) properties, plays a key role in
enhancing the sorption rate of the SCZ formulation on tissue,
thereby improving the therapeutic index. Hence, SCZ nano-
emulsion has potential applications in drug delivery, cosmetic
formulations, and food products. The product could be
considered edible considering the use of zein, a hydrophobic
prolamin protein isolated from corn that is given the GRAS
(generally recognized as safe) status. Conclusively, the zein-
chitosan nanocomposite for phase-contrast nanoemulsion
formation is favored for its compatibility, degradability, and
non-toxicity as a coating material for biological applications.

3.2 FTIR analysis

The purity and presence of all the essential functional group
peaks in the nanoemulsion components were verified by FTIR
spectral analysis, as mentioned in the literature®* (Fig. 2). The
FTIR spectra of the shiitake crude extract showed a sharp,
narrow peak of hydroxyl (-OH) at 3293 cm ™', of C-H vibration at
2916 cm ™', of C=C, and C-H in-plane bending vibrations at

13304 | RSC Adv, 2025, 15, 13300-13312

1636 cm ™' and 1422 cm ™', respectively, and of C-O stretching

vibration at 1041 cm ™. Pure chitosan showed characteristic
peaks of hydroxyl (-OH) and amine (-NH,) stretching at
3445 cm ™, of carbonyl (C=0) stretching at 1636 cm ™', of N-H
bending and C-N stretching at 1588 cm™*, and of other glyco-
sidic bonds at 1322 cm™'. Likewise, zein, a prolamin protein
derived from corn, exhibited a distinct FTIR spectrum reflecting
its proteinaceous nature: spectra peaks at 3440 cm ' corre-
sponded to N-H stretching vibrations, and 2936 cm ' C-H
stretching peaks were associated with the aliphatic side chains
of amino acids. The 1635 cm™' strong peak due to C=0
stretching vibrations in the peptide bonds, primarily indicating
a-helical structures at 1072 em ™', indicated C-O bending. In the
shiitake encapsulated chitosan-zein nanoemulsion, the shift in
the peak at 3440-3480 cm ' indicated hydrogen bonding.
Besides, the formation of new functional peaks between
1500 cm ™' and 1700 cm ™', corresponding to amide I and amide
II groups indicates the formation of N-H and C-N bonds,
respectively, suggesting stronger molecular interactions. FTIR
analysis of the pure components of the nanoemulsions and the
combined nanoemulsion provides valuable information about
their interaction, structural integrity, and potential chemical
bonding.*** In the previous studies, the chitosan-zein combi-
nation was used as a nanocarrier system for the delivery of
bioactive components as a stabilized delivery matrix.***”
Conclusively, the overlapping peaks, shifts, and changes in

——— Shiitake
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Fig. 2 FTIR spectra of pure components: shiitake crude extract, chi-
tosan, zein, and the nanoemulsion of shiitake-chitosan—zein indi-
cating the functional group's peaks and chemical modifications.
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peak intensity may indicate physical blending or chemical
interactions between these biopolymers with shiitake active
components, which are critical for applications in fields such as
food science, drug delivery, and biomaterials.

3.3 Invitro anti-inflammatory and anti-oxidant activity

The anti-inflammatory activity of the samples (control and test)
was evaluated using the BSA denaturation assay, it revealed
significant improvement in the inhibition% of the shiitake in
the SCZ nanoemulsion. Likewise, the synergistic effect of the
shiitake along with chitosan-zein showed a concentration-
dependent inhibition activity of the samples, consistently
increasing with the concentration of the extract and shiitake in
the polymeric nanoemulsions (SCZ1 to SCZ5) (Fig. 3A). The
maximum inhibition was reported in the nanoemulsion
compared with the pure shiitake extract and CZ emulsion,
which verified that after entrapment, the activity of the shiitake
extract significantly improved, with an even greater inhibition
percentage at the same concentrations compared with the
shiitake crude extract. The IC5, value calculated (Table 2) for the
SCZ nanoemulsion was 12.07 ug mL ™", which was significantly
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lower than that (19.94 pg mL™ ") of the standard drug (diclofe-
nac), and the ICs, for the carrier matrix, i.e., the chitosan-zein
emulsion, was significantly higher (26.95 pg mL™") than that
(28.35 pg mL ) for the shiitake crude extract.

Antioxidant properties assessed by the DPPH assay methods
of the control and test samples, including the shiitake crude
extract and SCZ nanoemulsion, showed potential free-radical
inhibition activity of the compounds (Fig. 3B). The study
demonstrated a concentration-dependent free radical scav-
enging effect of the shiitake extract, which increased with
increasing the concentration from 10 to 100 pg mL~*. However,
the inhibition efficiency of ascorbic acid, CZ emulsion and
shiitake crude extract was significantly lower than that of the
SCZ nanoemulsions at various concentrations of the encapsu-
lated shiitake extract. The observed concentration-dependent
inhibition effect of shiitake with or without polymeric encap-
sulation indicates that the CZ coating controls the release
kinetics of the shiitake bioactive components and enhances the
therapeutic effect compared with the control sample (Fig. 3B).
The ICs, values (ug mL~") (Table 2) calculated using the linear
equation were as follows: 22.14 pg mL ™" for the positive control
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View Article Online

Paper

Inhibitory concentration (ICsg) of the shiitake crude extract and SCZ nanoemulsions compared with that of the standards

IC5, concentration (ug mL ™)

Anti-inflammation%

Anti-oxidation%

Standard (diclofenac and ascorbic acid)
Shiitake crude extract

Chitosan-zein emulsion

SCZ nanoemulsions

(ascorbic acid), 29.44 pg mL™" for the CZ emulsion, 29.06 pg
mL " for the shiitake crude extract and 11.04 ug mL " for the
SCZ nanoemulsions. Here, the SCZ nanoemulsion with 11.04 pg
mL " shiitake crude extract inhibited 50% of the free ionic
radical generation, which is significantly lower compared with
pure CZ emulsion and the shiitake crude extract. Furthermore,
the aforementioned results verified that the biostability and
therapeutic effect, including anti-oxidant and anti-
inflammatory properties of the shiitake mushrooms improved
after the encapsulation within the C-Z polymeric blend, and CZ
could be the a potential natural formulation for the delivery of
bioactive components. Hence, the encapsulation of the shiitake
crude extract in a chitosan-zein-nanoemulsion further
enhanced the free radical scavenging and inflammatory
response compared with the non-encapsulated samples.>*3*3*
The enhancement suggests that encapsulation increases the
potency and efficacy of the shiitake bioactive components,
improving their bioavailability, biocompatibility, and stability.
These findings support the potential therapeutic use of shiitake
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mushrooms and SCZ nanoemulsion formulations in managing
inflammatory conditions.

3.4 Invitro anti-microbial activity

The antimicrobial activity of the shiitake crude extract and SCZ
nanoemulsions with variable concentrations was estimated
using the broth culture method, which showed a significant
improvement in growth inhibition activity. A notable reduction
in OD indicated the inhibition of microbial growth with the
increasing concentration of shiitake, indicating the potential
anti-bacterial effect against the Gram-positive bacterium S.
aureus and Gram-negative bacteria E. coli and P. aeruginosa as
well as an anti-fungal effect on the pathogenic yeast C. albicans
(Fig. 4). However, after 24-48 h of incubation, the MICs, and
MICy, of the CZ emulsion, shiitake crude extract and SCZ
nanoemulsion estimated using the dilution method, indicated
the improvement of the inhibition rate with an increasing
concentration of shiitake in the nanoemulsion (Fig. 5 and Table
3). The absorbance of the control sample showed higher
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In vitro anti-microbial activity of the shiitake crude extract and nanoemulsions at different concentrations: (A) S. aureus, (B) P. aeruginosa,

(C) E. coli and (D) C. albicans. The results showed significant concentration-dependent effect and synergistic effect of nanoemulsion
components. Here, the significant difference is represented as * for a p value of =0.5.
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value of = 0.5.

growth, which was significantly reduced, and SCZ inhibited
microbial growth of P. aeruginosa (MICs, = 192.25 ug mL ™), S.
aureus (MICs, = 200 pg mL ™), E. coli (MICso = 205.33 ug mL ™ 1),
and C. albicans (MICs, = 210.66 ug mL™'). However, the MIC
value of the shiitake and SCZ nanoemulsion was identified as
the lowest concentration compared with CZ emulsion, indi-
cating the maximum inhibitory rate against microbial cells.
Here, the CZ emulsion, shiitake crude extract and SCZ nano-
emulsion concentration consistently reduced the microbial
growth with the following 50% inhibition rate values (MICs(, ug
mL™"): P. aeruginosa = 192.94, 174.75 and 100.19 ug mL™; E.
coli = 501.87, 182.126, and 134.04 ng mL™Y; S. aureus = 371.53,
188.73, and 162.9 pg mL™Y; and C. albicans = 665.27, 160.91,
155.99 pg mL ", respectively. Likewise, following 90% growth
inhibition concentrations (MICy,) values were calculated for the
SCZ emulsion: P. aeruginosa = 385.29 pg mL ", E. coli = 350.73
ng mL™Y, S. aureus = 438 pg mL™ " and C. albicans = 514.73 pg
mL ", with the lowest value observed for the Gram negative
bacteria. Similar effects were observed for the CZ nanoemulsion
MICs, values for P. aeruginosa (552.82 pg mL™ "), E. coli (1817.66
ng mL™Y), S. aureus (1001.44 pg mL™ "), and C. albicans (1479.93

Table 3 The minimum inhibitory concentration (MIC) of the prepared

pg mL ™). However, in the case of the shiitake crude extract, the
MICy, value for P. aeruginosa (721.24 pg mL™") was the highest
among those for E. coli (454.79 pg mL™"),S. aureus (507.97 ug
mL "), and C. albicans (529.23 pg mL~'). In the previous
studies, it was reported that the medicinal mushroom shiitake,
when culinary processed, showed an antimicrobial effect on
a wide range of pathogenic microbial strains, including bacte-
rial, yeast and fungal strains.**** In this study, the encapsula-
tion of the shiitake crude extract demonstrated potential to
inhibit microbial growth, which was improved after the
encapsulation in nanoemulsion form, effectively suppressing
the growth of the Gram-positive and Gram-negative bacterial
strains, along with an anti-fungal effect at lower inhibitory
dosages compared with the shiitake crude extract alone.
However, further broad-spectrum studies are needed to elabo-
rate on their applicability as antimicrobial agents for patho-
genic or infectious studies.

3.5 In vitro anti-cancer activity

The MTT assay was conducted to evaluate the anti-cancer
activity of the chitosan-zein emulsion, shiitake crude extract

emulsion and their extract against different microbial strains

Strain P. aeruginosa E. coli S. aureus C. albicans

MIC value (ug mL ") MICs, MICqq MICs, MICq, MICs, MICqq MICs, MICqq
CZ emulsion 174.75 552.82 501.87 1817.66 371.53 1001.44 665.27 1479.93
Shiitake 192.94 721.34 182.13 454.79 188.73 507.97 160.91 529.23
SCZ nanoemulsion 100.19 385.29 134.04 350.73 162.9 438 155.9 514.73

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and shiitake nanoemulsion against the MCF-7 cell line; the
results revealed that cell viability decreased with increasing
concentrations of the shiitake extract, indicating significant
anticancer activity of the nanoemulsion (Fig. 6). While no
substantial changes in cell viability were observed after 24
hours, a notable reduction in cell viability was evident after 48—
72 hours of incubation, with increased concentrations leading
to greater effects, as illustrated in (Fig. 6A). The lowest cell
viability was recorded for the samples S4 and S5, indicating the
maximum toxic effect of the nanoemulsions against the breast
cancer line. The growth inhibition study of 72 h cell incubation
(Fig. 6B) with variable concentrations of CZ emulsion, shiitake
crude extract and SCZ nanoemulsion indicated the significant
cytotoxic effect on the cancer cell line with increasing concen-
tration. The ICs, value of CZ emulsion 29.57 pg mL ™! was much
higher in comparison with that of the shiitake crude extract
(12.74 pg mL™") and SCZ nanoemulsion having a shiitake

View Article Online
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concentration of 3.05 ug mL ™. Therefore, the ICs, value of the
test samples ie., shiitake when entrapped in CZ emulsion,
indicates the enhancement of the therapeutic index of the drug
nanoemulsion, which showed a significant role, especially in
improving the sorption rate of the hydrophobic drug and its
targeted delivery.*® Similar microscopic images (Fig. 6C) of the
cells showed that cells treated with the drug, and test samples
with a minimum concentration of 20 ug mL ™", had a reduced
number of viable cells with the progression of incubation time
compared with the untreated cells, which exhibited a higher
number of proliferated cells. Furthermore, edible mushrooms
have been shown to possess anticancer effects in both in vitro
and in vivo studies but have not been put to the test in human
clinical trials.>*»** In order to fully comprehend the therapeutic
potential of mushrooms in oncology, more rigorous scientific
research is needed, even in consideration of the encouraging
preclinical and clinical data from recent research publications
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Fig. 6 (A) MTT assay on cancer cells without any treatment (control); treated with the standard drug (20 ug mL™%), CZ emulsion (100 pg mL™Y),
shiitake crude extract and SCZ emulsion with variable concentration (ng mL™?) indicating significant difference in the cell growth rate. (B) Cell
growth inhibition vs. concentration curve of cancer cells treated with variable concentration of the CZ emulsion, shiitake extract, and SCZ
nanoemulsion, indicating significant inhibition of cell growth in SCZ and ICsg calculation (A = SCZ nanoemulsion, B = shiitake crude extract and
<& = CZ emulsion). (C) Microscopic images of the in vitro cultured cancer cells demonstrating constant cell growth under untreated control
conditions and CZ-emulsion vs. increased cell apoptosis after cisplatin, shiitake extract and shiitake nanoemulsion treatment with a concen-

tration of 20 ng mL™* at incubation times of 24, 48 and 72 h.
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that have examined the shiitake mushroom's potential as an
antineoplastic agent for benign or malignant (cancer)
neoplastic growths.*”** However, the significant cytotoxic and
anti-cancer effects of shiitake-encapsulated SCZ nanoemulsions
observed on the breast cancer cell line MCF-7 indicate their
potential as a natural therapeutic agent to suppress the meta-
static carcinoma cells at lower concentrations.

4. Discussion

The synthesis of the zein-chitosan nanoemulsion via the
liquid-liquid dispersion method demonstrates significant
potential in various applications owing to its optimal formula-
tion and stability. The 2: 1 ratio of zein to chitosan produced
a homogeneous nanoemulsion, which was further optimized by
assessing the droplet size, polydispersity index (PDI), and
stability. These parameters ensured proper size distribution
and resistance to coalescence and phase separation, making the
nanoemulsion suitable for drug delivery, cosmetic formula-
tions, and food products. The use of zein, a GRAS (generally
recognized as safe) protein, enhances the edibility and safety of
the nanoemulsion, while the biocompatibility, biodegrad-
ability, and non-toxicity of the zein—-chitosan nanocomposite
make it an attractive option for various applications.

Studies verified the potential antimicrobial, anti-
inflammatory, and anti-oxidant effects of shiitake as a medic-
inal mushroom, highlighting its role as a chemotherapeutic
agent.®* The in vitro anti-oxidant activity of the shiitake nano-
emulsion, as assessed through the DPPH assay, revealed
a significant enhancement in antioxidant properties compared
with that of the crude shiitake extract. The concentration-
dependent scavenging effect observed in the study indicates
that higher concentrations of the shiitake extract result in
greater anti-oxidant activity. Encapsulation in the zein-chitosan
nanocomposite further amplified this effect, suggesting
improved bioavailability, biocompatibility, and stability of the
bioactive components.>*?**>

Similarly, the in vitro anti-inflammatory activity, evaluated
using the BSA denaturation assay, demonstrated that the shii-
take nanoemulsion exhibited a higher inhibition percentage of
BSA denaturation compared with the crude extract. This
concentration-dependent inhibition underscores the potential
of the nanoemulsion in managing inflammatory conditions.
The lower ICs, value for the nanoemulsion compared with that
for the extract indicates a more potent anti-inflammatory effect,
supporting its therapeutic potential.

The in vitro antimicrobial activity, determined through
absorbance measurements and MIC values, showed that the
shiitake nanoemulsion effectively inhibited the growth of
various microbial strains. The notable reduction in OD at
specific concentrations highlights the nanoemulsion's potential
as an antimicrobial agent. The MIC values for different strains,
namely, E. coli, C. albicans, S. aureus, andP. aeruginosa, provide
a benchmark for its efficacy against these pathogens.

Lastly, the in vitro anti-cancer activity, assessed using the MTT
assay on MCF-7 cell lines, indicated a decrease in cell viability
with increasing concentrations of the shiitake nanoemulsion.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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This suggests that the nanoemulsion formulation enhances the
anti-cancer properties of the shiitake extract, potentially offering
a more effective approach to cancer treatment.

In conclusion, the zein-chitosan nanoemulsion encapsu-
lating the shiitake extract exhibits promising anti-oxidant, anti-
inflammatory, antimicrobial, and anticancer activities. These
findings support its potential applications in drug delivery,
cosmetics, and food products, highlighting the versatility and
efficacy of the nanoemulsion formulation. Further research and
development could unlock additional benefits and applications,
paving the way for innovative solutions in biotechnology and
healthcare.

5. Conclusions

This study delves into the therapeutic potential of Lentinula
edodes (shiitake mushroom) and the development of biogenic
shiitake-based nanoemulsions to enhance the bioavailability and
effectiveness of shiitake bio-actives, emphasizing their potential
as a valuable natural health resource. A thorough analysis high-
lighted the significant medicinal properties of shiitake mush-
rooms, attributed to their rich array of bioactive compounds,
such as polysaccharides, lentinan, and eritadenine.*>* These
compounds have demonstrated impressive anti-oxidant, anti-
cancer, anti-inflammatory, immunomodulatory, and cholesterol-
lowering effects, validating their traditional use in various ther-
apeutic contexts. This research also focused on the preparation
and optimization of the shiitake nanoemulsions by utilizing
advanced nanoemulsion techniques to improve the dispersion,
reduce the particle size, and increase the solubility of these
compounds. The enhanced nanoemulsions showed superior
therapeutic benefits compared with conventional shiitake
extracts, including an elevated immune response, increased anti-
oxidant activity, and more effective modulation of lipid metabo-
lism.>** This suggests that shiitake nanoemulsions could serve as
an advanced delivery system for bioactive compounds,
enhancing their accessibility and efficacy in clinical and nutra-
ceutical applications. These findings offer robust evidence of
shiitake mushrooms’ health benefits and highlight a promising
approach to maximizing these benefits through nanoemulsion
technology. Future research should focus on further refining
these formulations, assessing their long-term stability and
bioavailability in vivo, and exploring their applications in various
health conditions. This work effectively bridges traditional
medicinal knowledge with cutting-edge technological advance-
ments, unlocking new therapeutic possibilities for natural
products such as shiitake mushrooms.
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