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The global demand for macrofungi is driven by their rich content of biologically active substances and trends such as the
need for natural medicines, the growing popularity of vegan diets, increased consumer interest in therapeutic and prophylactic
dietary supplements, and the expanding use of fungi in the food, pharmaceutical, and cosmetic industries. The aim of this study
was to investigate the effect of the composition of a biologically active dietary supplement based on a mixture of macrofungal
mycelium on the total phenolic content and antioxidant activity of the supplement. The mycelium of Fomitopsis pinicola, Pleu-
rotus ostreatus and Trametes versicolor were obtained through controlled submerged static cultivation on suitable media. The
powdered mycelia of . pinicola, P. ostreatus, and T. versicolor, which are cubic and plate-shaped conglomerates with rounded
edges, translucent, with a smooth surface, were mixed with excipients and granulated. Pharmacotechnological characteristics
such as compressibility, powder flowability, moisture content, as well as dosage uniformity and disintegration time of hard
capsules significantly varied depending on the granulate composition. The total phenolic content and antioxidant activity of each
mycelium and their mixture, as well as of the selected granulates, were determined. Differences in the total phenolic content and
antioxidant activity of each mycelium and their mixture were insignificant. Determination of these parameters and the pharma-
cotechnological parameters of the granulates allowed the identification of the most suitable excipients: lactose monohydrate
(5%), mannitol:microcrystalline cellulose 101 in the ratio 2:1 (10%), sodium croscarmellose (1%), and a 0.7% solution of car-
boxymethyl cellulose (4%). This mixture contains 29.83 + 049 mg GAE/g of total phenolic content and can neutralize the
DPPH fiee radical scavenging by 86.53 + 0.62%. The obtained results of the study confirm the prospects of using macrofingi
mycelium of F. pinicola, P. ostreatus, and T. versicolor as a promising raw material for the development of a new dietary sup-
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Introduction

nological indicators.

Macrofungi have been used in medicine and pharmacy for centuries
due to their wide range of activities, including antimicrobial, immunomo-
dulatory, antioxidant, antiviral, hypotensive, neuroprotective, and anti-inf-
lammatory effects (Chugh et al., 2022; Ambhore et al., 2024; Sun et al.,
2024). Bioactive metabolites, such as polysaccharides, phenolic compo-
unds, terpenes, peptides, alkaloids, steroids, and vitamins are responsible
for these activities (Lu et al., 2020; Zhou et al., 2023; Martinez-Burgos
etal., 2024). Over the past few decades, urbanization, military conflicts,
food shortages, and other factors have significantly altered people's lifesty-
les and food preferences. These changes in dietary habits have contributed
to arise in lifestyle-related diseases. At the same time, interest in develop-
ing natural medicines and therapeutic agents, including those derived from
macrofungi, has surged in the 21st century (Niego et al., 2021). The global
market for dietary mushroom supplements is experiencing substantial
growth, driven by increasing awareness of the health benefits of mush-
rooms. By 2024, the market is projected to be worth approximately USD
10.6 billion, with expectations to reach around USD 24.74 billion by
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2026. Moreover, the broader mushroom market, encompassing both
edible and medicinal varieties, is also showing strong growth. Projections
indicate that it will reach USD 94.57 billion by 2028, expanding at a com-
pound annual growth rate (CAGR) of 9.2% (www.thebusinessrese-
archcompany.com/report/mushroom-global-market-report). Examples of
such products include: “The Real Thing — Medical Mushrooms 60s”
(Wellness Warehouse, UK), “Mico-Mix” and ‘“Mico-Five” (Hifas da
Terra, EU), and “Agarikon.1” and “Mykoprotect.1” (MycoSan, Croatia).
Wellness Warehouse's “The Real Thing — Medical Mushrooms 60s”
contains a composition of Agaricus blazei, Auricularia auricular, Cordy-
ceps militaris, Cordyceps sinensis (current name: Ophyocordyceps sinen-
sis), Coriolus versicolor (current name: Trametes versicolor), Ganoderma
lucidum, Grifola frondosa, Inonotus obliquus, Hericium erinaceus, Lenti-
nula edodes, Phellinus linteus, Pleurotus eryngii, P. ostreatus that sup-
ports the immune system, promotes cytoprotective activity, and helps
maintain healthy cellular function (www.wellnesswarehouse.convthe-
real-thing-medical-mushrooms-60s-60s-00011120438103). “Mico-Mix” —
the combination from the fruiting bodies of Ganoderma lucidum, Grifola
fiondosa, and L. edodes is the production of Hifas da Terra (EU)
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(https:/hifasdaterra.com/en/product/mico-mix-extract-of-3-mushrooms/).
Extracts from the fruiting bodies of the mushrooms A. blazei, G. lucidum,
G. frondosa, I obliquus, and L. edodes, were used in the formulation of
“Mico-Five” (http:/hifasdaterra.com/ en/product/mico-five-vit-c). Croa-
tian scientists from the Ruder Boskovi¢ Institute and the Faculty of Food
and Biotechnology at the University of Zagreb tested over 150 combina-
tions of mushroom extracts to develop “Agarikon.1” — a medicinal mu-
shroom extract formulation designed for patients with cancer and other
critical conditions. “Agarikon.1” contains extracts from A. blazei, G. luci-
dum, G. frondosa, L. edodes, P. ostreatus, and Trametes versicolor, with
the addition of vitamin C (http:/mykosan. com/agarikon-1-medicinal-
mushrooms-cancer). MycoSan’s product such as “Mykoprotect.1”, is a
medicinal mushroom supplement formulated for patients with serious
viral infections, including various types of hepatitis, HPV, herpes,
HIV/AIDS, coronavirus, and the flu. Extracts from G. lucidum, T. versico-
lor, and L. edodes, along with the addition of vitamin C, ensure the optim-
al effectiveness of “Mykoprotect.1”” (http:/mykosan.com/ mykoprotect-1-
antiviral-medicinal-mushroom-extract).

As of October 25, 2024, there are no registered macrofungi-based
pharmaceutical products on the Ukrainian market, according to data from
the State Expert Center of the Ministry of Health of Ukraine. However,
the domestic pharmaceutical market, including pharmacies and online re-
sources, is gradually expanding its range of natural mushroom products in
response to the growing global demand for medicinal fungi. Currently,
several dietary supplements (DS) based on macrofungi are offered by
Ukrainian manufacturers. Leading companies in this field include NPO
“PhytoBioTechnologies” (series “Mushroom First Aid Kit”, Kyiv), LLC
“Elit-Pharm” (Dnipro), the Kyiv Center for Fungotherapy, Bioregulation,
and Ayurveda (Kyiv), and companies like “Mushroom Kingdom” (Kyiv),
“Micofit” (Kharkiv), “Amanita” (Odesa), and “Dana, Ya” (Kyiv).

The foundation of Ukrainian mushroom products is based on basidio-
mycete species such as A. blazei, Cantharellus cibarius, Coprinus coma-
tus, Flammulina velutipes, G. lucidum, G. frondosa, H. erinaceus, I. obli-
quus, L. edodes, Pholiota nameko, and P. ostreatus, along with the
ascomycete fungus O. sinensis. The most well-known dietary supplement
is “Mikoton”, based on F. fomentarius, which is industrially produced by
LLC “Mikoton-Aglikon” (Kyiv region). An analysis of these products
shows that domestic manufacturers produce both solid (capsules, tablets,

F. pinicola

o N
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powders, herbal teas, dry extracts, suppositories) and liquid (drops, liquid
extracts) forms. The raw materials used for producing these DS include
the fruiting bodies and/or mycelium of mushrooms, which are rich in va-
luable natural biologically active substances.

It should be noted that people are becoming more proactive about
their health, focusing on prevention rather than treatment (Waldman &
Terzic, 2019). Mushroom-based supplements align with this trend, offe-
ring a way to incorporate natural, nutrient-dense products into daily routi-
nes. These supplements are often marketed for their general health bene-
fits, such as boosting energy, reducing fatigue, and promoting overall
well-being, which appeals to consumers seeking non-pharmaceutical
wellness options (Risoli et al., 2023; Suberu et al., 2024). It should be
noted that some studies suggest the possibility that macrofungi antioxi-
dants may reduce the risk of certain diseases (Kozarski et al., 2015; Davila
Giraldo et al., 2023) or improve health (Kalaras et al., 2017; Liuzzi et al,,
2023). The aim of this study was to investigate the effect of the composi-
tion of a biologically active dietary supplement based on a mixture of
macrofungal mycelium on the total phenolic content (TPC) and antioxi-
dant activity (AOA) of the supplement, and to establish the pharmaco-
technological parameters for its dosage forms.

Materials and methods

The macrofungi species Fomitopsis pinicola 1523 (Sw.) P. Karst,
Pleurotus ostreatus 551 (Jacq.) P. Kumm., and Trametes versicolor 353
(L.) Lloyd were kindly provided as pure cultures from the IBK Mush-
room Culture Collection at the M.G. Kholodny Institute of Botany, Natio-
nal Academy of Sciences of Ukraine (Bisko et al., 2020). Mycelia of
P. ostreatus and T. versicolor were grown on a liquid nutrient medium
containing CO,-cake amaranth in a thermostat at 25 °C, without agitation.
Mycelium of F. pinicola was cultured on a synthetic medium (composite-
on per liter: 25.0 g xylose, 3.0 g yeast extract, 2.0 g peptone, 1.0 g K-HPO-
, 1.0 g KH-PO-, 0.25 g MgSO-+7H-0) in a thermostat at 30 °C, also with-
out agitation. After 14 days of cultivation, the mycelium of the fungi under
study was separated from the medium by filtration through Whatman
filter paper No. 4. It was then washed with distilled water, dried to a con-
stant weight at 60 °C, and ground using a laboratory mill LZM-1 (Olis,
Ukraine, 2009) for 30 seconds (Fig. 1).

T. versicolor

Fig. 1. Ground up mycelium of the studied fungal species

The obtained powders were separately sieved through a standard set
of woven-wire mesh analytical test sieves with a diameter of 20 cm using
the dry sieving method (European Directorate for the Quality of Medi-
cines & Healthcare of the Council of Europe, 2022). The results of par-
ticle-size distribution were evaluated by the difference in the weight of the
sieve before and after the test with the powder.

The fungal biomass mixture (comprising 7. versicolor, P. ostreatus,
and F. pinicola in a 2.0:0.5:0.5 ratio) was analyzed for bulk density and
tapped density according to section 2.9.34 of the European Pharmaco-
poeia (European Directorate for the Quality of Medicines & Healthcare,
2022). A powder density tester (Pharma Test PT-TD200, Germany, 2017)
was used. Additionally, powder flow propetties were assessed by calculat-
ing the compressibility index and Hausner ratio according to section
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2936 of the European Pharmacopoeia (European Directorate for the
Quality of Medicines & Healthcare, 2022).

To develop granules with fungal mycelium, the following excipients
were used: GranuLac® 200 lactose monohydrate (LMN) (Meggle, Ger-
many); microcrystalline cellulose (MCC) 101 (Mingtai Chemical Co.
LTD, Taiwan); mannitol (MNT) (Sfera Sim LLC, Ukraine); croscarmel-
lose sodium (CCS) (Mingtai Chemical Co. LTD, Taiwan); magnesium
stearate (Electrogasokhim LLC, Ukraine); talcum (Sfera Sim LLC, Ukrai-
ne); polyvinylpyrrolidone (PVP) K30 grade (StarTech & JRS Speciality
Products Co. LTD, China); carboxymethyl cellulose (CMC) (Ingredio
Company, Ukraine). The compositions of the studied formulations for en-
capsulation are shown in Table 1.
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Table 1
Composition of the studied granulate formulations

Composition, % Granulate formulations

1 2 3 4 5 6 7 8 9
Mycelium mixture of 7. versicolor, P, ostreatus, and F. pinicola (2:0.5:0.5) 80 80 80 80 80 80 80 80 80
LMN 16 8 8 15 5 5 14 3 3
MCC 101 - 8 - - 10 - - - 11
MNTMCC 101 (2:1) - - 8 - - 10 - 11 -
CCS 1 1 1 1 1 1 1 1 1
7%PVPK30 3 - - 4 - - 5 - -
15%PVPK30 - 3 - - 4 - - 5 -
0.7% CMC - - 3 - - 4 - — 5

Note: LMN — lactose monohydrate, MCC 101 — microcrystalline cellulose, MNT — mannitol, CCS — croscarmellose sodium, PVP K30 — polyvinylpyrrolidone, CMC — car-

boxymethy] cellulose.

Granules were obtained by wet granulation method using laboratory
granulator NG-12 (Adonis LLC, Ukraine, 2002) with mesh diameter of
the sieves 2 and 1 mm. The resulting granules were dried at 50 °C for
3 hours in a convective dryer. The granules after calibration were mixed
with 1% magnesium stearate and 1% talcum.

The moisture content of the granulate was determined by the weight
method after drying to a constant weight.

Hard granule-filled gelatin capsules of size 0 (Zhejiang Pujiang Ener-
kang Capsule Co., Ltd, China) were prepared with a manual encapsulator
designed for 100 cells (HPO “Gidromash-1”, Ukraine, 2018).

Uniformity of mass was evaluated according European Directorate
for the Quality of Medicines & Healthcare of the Council of Europe
(2022). The disintegration of capsules was assessed using a powder densi-
ty tester (Pharma Test PT-TD200, Germany, 2017) according to section
2.9.1 of the European Pharmacopoeia (European Directorate for the Qual-
ity of Medicines & Healthcare, 2022). Purified water at 37 °C was used as
the liquid medium.

Ground up mycelium as well obtained granulates was extracted with
purified water (1:10 v/v) under orbital shaking at 100 rpm for 48 hours at
room temperature. After centrifuging for 10 minutes at 4500 rpm, the su-
pematant was collected and filtered through a 25 pum pore size filter (class
4 filter paper). The sample was then stored at 4 °C and directly analyzed
for antioxidant activity (AOA) and total phenolic content (TPC).

AOA and TPC assay. AOA was assessed using the widely employed
stable free radical 2,2-diphenyl-1-picrylhydrazyl (DPPH) (Blois, 1958;
Gulcin & Alwasel, 2023). TPC was quantified using the Folin-Ciocalteu
assay and expressed as gallic acid equivalents (GAE) (Folin & Ciocalteau,

m Fomitopsis pinicola

90 4

® Pleurotus ostreatus

1927; Singleton & Rossi, 1965). The detailed procedures for both analyses
were provided in our previous study (Krupodorova et al., 2024).

Each experimental measurement was carried out in five replicates,
and the data are presented as mean + standard deviation (x + SD). A one-
way analysis of variance (ANOVA) with Tukey’s test, applying a Bonfer-
roni adjustment for multiple comparisons, was used to assess the effect of
granulate composition on the pharmacotechnological properties of a fun-
gal mixture, TPC and antioxidant activity AOA of fungal mycelia as well
as fungal mixture, with significance set at P <0.05.

Results

Particle characterization and antioxidant potential of fungal myce-
lium for supplement development. The fraction with the highest quantita-
tive content in the analyzed powders of fungal mycelia was separated
through grinding and sieving. Optical microscopy allowed the assessment
of the shape of the studied mycelium particles. All the powders are con-
glomerates of cubic and plate-like shapes with rounded edges, semi-
transparent, and with smooth surfaces. When the mycelium was ground
for 30 seconds, it produced powders with different levels of fineness (Fig.
2). For T versicolor and F. pinicola, the characteristic particles primarity
measured between 125-180 pm, which is classified as fine powder. In
contrast, P. ostreatus exhibited particles ranging from 180-355 um, classi-
fied as moderately fine powder. The small quantity of particles that fall
outside the main fraction is minimal; however, this could adversely affect
the technological properties of the biomass powder mixture, particularly
its flowability.

Trametes versicolor

a
80 A I
ab
= 70 A
g 60 c
g 50 4
1=}
8
£ 40
£
& 30 4
20 d
de
e
"L & aBs mlé | Y
= 1
0 [ , , ‘ 1 Fa
=14 mm =0.355 mm =018 mm =0.125 mm =0.09 mm dropouts
Size. mm

Fig. 2. Fractional composition of ground up mycelium of F. pinicola, P. ostreatus and T. versicolor (x + SD, n= 5): different letters indicate
samples that differ significantly from each other within the graphs (P < 0.05) according to Tukey's test with a Bonferroni correction

The fungal mycelium was analyzed for AOA and TPC (Table 2). All
the samples studied demonstrated a high level of free radical inhibition
and had a high TPC. The dry ground up mixture of mycelium from
T. versicolor, P. ostreatus, and F. pinicola, in a ratio of 2.0:0.5:0.5, obtain-
ned under controlled and suitable cultivation conditions, has been chosen
as the basis for the future biologically active dietary supplement.

An evaluation of the mixture of 7. versicolor, P. ostreatus, and F. pi-
nicola mycelium in powder form was conducted according to pharmaco-
technological indicators (Table 3). The calculation of the compressibility
index and the Hausner ratio was employed as one of the simplest, quick-
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est, and most widely used techniques to evaluate powder flowability, ser-
ving as an indirect indicator of the material's physical and technological
characteristics. For this method, it is essential that the initial bulk volume
falls between 150 to 250 mL. However, the 100.0 g sample of the exami-
ned powder exhibited a notably lower volume than 150 mL. Consequent-
ly, a 100 mL cylinder with divisions of 1 mL was utilized for a sample
weighing 50.0 g. The results obtained aligned with the values on the scale
of flowability, which indicated poor flowability, as was expected. This
outcome led us to continue the selection of excipients and technological
approaches to enhance flowability.

Regul. Mech. Biosyst., 2024, 15(4)



Table 2
TPC and AOA in raw materials of fngi (x £ SD,n=15)

Mycelium of fungi TPC, mg GAE/gd.w.  DPPH inhibition, %
F pinicola 35.00+0.40° 86.09+0.33°
P, ostreatus 3897+0.79° 95.85+0.76°
T versicolor 39.97+099 9831+021°
Mycelium mixture of 7. versicolor,; a a
P osireatus, F pinicola 2:05:05)  100%031 9961014

Note: different letters indicate samples that differ significantly from each other within
the columm (P < 0.05) according to Tukey's test, with Bonferroni correction.

Formulation and bioavailability optimization of granules with fungal
mycelium. Utilizing excipients, granulate samples containing fungal my-
celium were created, and a pharmacotechnological assessment was con-
ducted to attain the desired mass flowability necessary for encapsulation.
This process aimed to identify the most suitable formulation and method

Table 3

for producing a solid dosage form, specifically hard capsules. The granu-
les produced exhibited considerable variations in their physical properties.
To comply with the methodological standards, samples of 75.0 and
100.0 g were measured for analysis. The calculated and observed values
regarding bulk volume before and after powder mechanically tapping,
along with the compressibility index and Hausner’s ratio, primarily alig-
ned with the Scale of Flowability, indicating passable, fair, and good flo-
wability. Optimal outcomes were achieved by employing lactose mono-
hydrate combined with a blend of mannitol (MNT) and microcrystalline
cellulose (MCC) at a 2:1 ratio as fillers, alongside a 15% PVP solution
serving as a binder solution (5%) — specifically in sample 8, and 0.7 %
CMC solution serving as a binder solution (4%) — specifically in sample 6
(Table 3). The granulates exhibited considerable variations in their moistu-
re levels. Since the highest moisture content values were recorded for the
final samples (8 and 9), these samples will not be utilized in subsequent re-
search.

Pharmacotechnological properties of a mixture of 7. versicolor, P. ostreatus and F. pinicola mycelium
in the ratio 0f 2:0.5:0.5 and experimental samples of encapsulation masses with mycelium mixture (x + SD, n=5)

Composition of experimental samples Compressibility index, % Hausner ratio Moisture, %
Mixture of 7 versicolor, P. ostreatus and F. pinicola mycelium 2827+1.07 1.39+0.04" 124006
1. MM (80%)+LMN (16%)+CCS (1%)+7% PVP K30 (3%) 21.78+091° 128+0.02° 145007
2. MM (80%HLMN (8%)+MCC 101 (8%)+CCS (1%)+15% PVP K30 (3%) 17.09+035 120+001¢ 1494003
3. MM (80%)+LMN (8%)+MNT:MCC 101 (8%)+CCS (1%)+0.7% CMC (3%) 1801 £0.44° 12240.03% 1.80+0.11¢
4. MM (80%)HLMN (15%)+CCS (1%)+7% PVP K30 (4%) 2245+097° 129+001° 1.11+0.05¢
5. MM (80%)+LMN (5%)+MCC 101 (10%)+CCS (1%)+15% PVP K30 (4%) 19.80+0.62° 125+0.01° 1.83+0.08
6. MM (80LMN (5HMNT:MCC 101 (10)+CCS (1)+0.7% CMC (4) 15.04+0.09° 1.18£0.02° 1.59+0.12°
7. MM (80%)+LMN (14%)+CCS (1%)+7% PVP K30 (5%) 21.62+0.89" 128+001° 1.98+0.01°
8. MM (80%)+LMN (3%)+MNT:MCC 101 (11%)+CCS (1%)+15% PVP K30 (5%) 1120+0.07" 1.13+0.02° 2.62+£0.02
9. MM (80%)+LMN (3%)+MCC 101 (11%)+CCS (1%)+0.7% CMC (5%) 20.53+0.73" 126+001™ 229+001°

Note: MM — mycelium mixture of 7. versicolor, P. ostreatus, F. pinicola (2:0.5:0.5), LMN — lactose monohydrate, MCC 101 — microcrystalline cellulose, MNT — mannitol,
CCS — croscarmellose sodium, PVP K30 — polyvinylpyrrolidone, CMC — carboxymethyl cellulose; different letters indicate samples that differ significantly from each other

within the columm (P < 0.05) according to Tukey's test, with Bonferroni correction.

The studied pharmacotechnological characteristics of the obtained
hard capsules are presented in Table 4. Upon examining these findings, it
is important to highlight the varying filling of hard capsules with the expe-
rimental encapsulation samples, which correlates directly with the bulk
density of the granulate. In the context of hard capsule formulations with a
mixture of Trametes versicolor, Pleurotus ostreatus, and Fomitopsis pini-
cola mycelium, disintegration time indicates how long it takes for the cap-
sule containing this mycelium blend to disintegrate under conditions mi-

Table 4

micking the gastrointestinal environment. Disintegration times ranged
from 7 minutes 45 seconds to 22 minutes 35 seconds. The best disintegra-
tion time was recorded for sample No. 6 (7 minutes 45 seconds), which
also exhibited the acceptable deviation in the uniformity of dosage for
hard capsules. This metric is essential for ensuring that the active compo-
unds in the fungal mycelium are effectively released and can be absorbed
by the body. The disintegration time of a capsule influences its effective-
ness, as it impacts the release and bioavailability of the active ingredients.

Pharmacotechnological properties of hard capsules' experimental samples with a mixture of 7. versicolor, P. ostreatus and F. pinicola mycelium

Composition of experimental samples

Average weight of hard capsule contents, g Disintegration time, min

1. MM (80%)+LMN (16%)+CCS (1)+7% PVP K30 (3)
2. MM (80y+LMN (8)*MCC 101 (8)+CCS (1)+15% PVPK30 (3)

3. MM (80)-LMN (8)*MNT:MCC 101 (8y+CCS (1)+0.7% CMC (3)
4. MM (80y-LMN (151+CCS (1)+7% PVPK30 (4)

5. MM (80)+LMN (5)+ MCC 101 (10y+CCS (1)+15% PVPK30 (4)

6. MM (80y-LMN (5y*MNT:MCC 101 (10)+CCS (1)+0.7% CMC (4)
7. MM (S0-LMN (14)+CCS (1)+7% PVPK30 (5)

0396 +0.011° 2235+045"
0.296 +0.006" 12.51+0.20°
0.303 £0.005° 1228£044°
0.380+0.010" 1734 4+024°
0.396+0.006" 10.05+035¢
0.302 +0.006° 745+0.15
0.372+0.008° 10.14+0.90"

Note: see Table 3.

Evaluation of antioxidant activity and phenolic content in mycelium-
based granulate formulations. The selected granulate compositions were
analyzed for TPC (Fig. 3a) and AOA (Fig. 3b). Granulate samples 1, 2,
and 4-7 had high TPC levels, with no statistically significant differences
observed among samples 2 and 4-7. The lowest TPC was found in sam-
ple 3. The antioxidant activity of the samples studied varied significantly.
The highest free radical inhibition activity was found in sample 2 and the
lowest was observed in sample 4. Given the good pharmacotechnical
properties and biological activities of the experimental samples of capsule
masses with mycelium mixture, we consider the composition of granules
formulation 6 to be the optimal.

Discussion

The use of microbiological synthesis products as active pharmaceuti-
cal ingredients is one of the promising directions in biotechnology and

Regul. Mech. Biosyst., 2024, 15(4)

pharmaceutical development. Today, products containing rectified ext-
racts, mycelium or fruiting bodies of medicinal mushrooms are classified
as a separate group of dietary supplements, and their production must
comply with good manufacturing practice (GMP) requirements. Macro-
fungi, including their mycelial forms, are a largely untapped resource for
novel drug development (Niego et al., 2021; Sharif et al., 2024). Unlike
traditional pharmaceutical production methods that often rely on synthetic
chemical processes or extensive plant cultivation, fungal mycelium can be
grown efficiently in controlled nutrient media. Its advantages include a na-
tural origin, lower likelihood of side effects (Chen et al., 2018; Jeitler et al.,
2020; Chugh et al., 2022), and safer production process compared to syn-
thetic compounds. Additionally, like medicinal plants, fungal mycelium
contains a unique complex of biologically active substances that deliver
effective therapeutic outcomes (Sharif et al., 2024; Sun et al., 2024). Anti-
oxidant activity is a central therapeutic feature of mushrooms, as oxidative
stress underlies many chronic diseases, including cancer, cardiovascular
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disease, and neurode-generative conditions (Abo Nahas et al., 2021). Por-
tuguese scientists studied the antioxidant activity of a number of mush-
rooms, evaluating it taking into account the individual activity of each
mushroom and their mixtures. Three variants of interaction of mushrooms
in the mixture were observed: synergistic, additive and negative synergis-
tic effects, with the synergistic variant prevailing (Queiros et al., 2009).
Numerous compounds isolated from macrofungi have antioxidant proper-
7. MM (80%) + LMN (14%) + CCS (1%) + 7% PVP K30 (5%)

6. MM (80%) + LMN (5%) + MNT:MCC 101 (10%) + CCS (1%) +0.7% CMC (4%)

5. MM (80%) + LMN (5%) + MCC 101 (10%) + CCS (1%) + 15% PVP K30 (4%)

4. MM (80%) + LMN (15%) + CCS (1%) + 7% PVP K30 (4%)

3. MM (80%) + LMN (8%) + MNT:MCC 101 (8%) + CCS (1%) + 0.7% CMC (3%)

2. MM (80%) + LMN (8%) + MCC 101 (8%) + CCS (1%) + 15% PVP K30 (3%)

1. MM (80%) + LMN (16%) + CCS (1%) + 7% PVP K30 (3%)

ties: phenolic compounds, vitamins, polysaccharides, peptides, proteins,
organic acids, carotenoids, alkaloids and nucleotides (Stajic et al., 2013).
Bach et al. (2019) noted in their review that synergistic interactions of
compounds can enhance the biological activity of individual components,
leading to natural extracts being more effective than isolated bioactive
compounds.

7. MM (80%) + LMN (14%) + CCS (1%) + 7% PVP K30 (5%)

6. MM (80%) + LMN (5%) + MNT:MCC 101 (10%) + CCS (1%) + 0.7% CMC (4%)

5. MM (80%) + LMN (5%) + MCC 101 (10%) + CCS (1%) + 15% PVP K30 (4%)

4. MM (80%) + LMN (15%) + CCS (1%) + 7% PVP K30 (4%)

3. MM (80%) + LMN (8%) + MNT:MCC 101 (8%) + CCS (1%) +0.7% CMC (3%)

2. MM (80%) + LMN (8%) + MCC 101 (8%) + CCS (1%) + 15% PVP K30 (3%)

1. MM (80%) + LMN (16%) + CCS (1%) + 7% PVP K30 (3%)
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Fig. 3. Effect of granulate composition on TPC (a) and AOA (b) of dietary supplement (x + SD, n=5): composition of experimental samples:
MM — mycelium mixture of 7. versicolor, P. ostreatus, F. pinicola (2:0.5:0.5), LMN — lactose monohydrate, MCC 101 — microcrystalline cellulose,
MNT — mannitol, CCS — croscarmellose sodium, PVP K30 — polyvinylpyrrolidone, CMC — carboxymethyl cellulose; different letters indicate
samples that differ significantly from each other within the graphs (P <0.05) according to Tukey's test with a Bonferroni correction

The study of Gebreyohannes et al. (2019) showed that the same ex-
tracts can exhibit different types of persistent activity, such as antioxidant
and antimicrobial. Polyphenols in macrofingi play a significant role in
their antioxidant potential (Stajic et al., 2013), making them valuable for
health-promoting applications and possibly protecting against oxidative
stress-related diseases. It has been found that polyphenols of macrofungi
can neutralize free radicals, unstable molecules that can cause oxidative
stress and damage to cells and tissues. By donating electrons to these free
radicals, polyphenols stabilize them, reducing oxidative stress (Kozarski
etal., 2015).

The mycelium of the used fungal species, as well as their mixture,
had a high level of AOA and TPC. The fast similar phenolic content and
antioxidant activity observed in the mycelium of individual mushroom
species and their mixtures likely result from shared phenolic compounds,
additive or compensatory effects within the mixtures. Also, if the individu-
al fungi share a similar profile of these compounds, then their TPC and
AOA can be similar, whether measured in isolation or in a mixture. On
the other hand, further research is needed to understand the phenolic pro-
file of fungi and their mixtures, as well as to identify specific polyphenolic
compounds. The possibility of a “ceiling effect”” should also be considered
(Schiinemann et al., 2002; Gouzi et al., 2019). Antioxidant assays often
measure the ability to scavenge fiee radicals or reduce oxidants up to a
certain limit. If both the individual species and the mixture reach this max-
imum capacity, their measured antioxidant activity might appear nearly
identical, even if there are differences in less potent compounds or lower
antioxidant concentrations. Our result is in line with the study by Huang
etal. (2021), which reported nearly similar amounts of TPC and small
differences in DPPH scavenging ability in hot water extracts for various
combinations of mycelium from two to five different basidiomycete spe-

cies. Our research is also consistent with other studies that have identified
antiradical activity and phenolic content in the mycelium of the fungal
species studied: Trametes versicolor (Han et al.,, 2015; Park et al., 2015;
Kim et al., 2021), Pleurotus ostreatus (Morris-Quevedo et al., 2017;
Ozdal etal., 2019; Krupodorova et al., 2024). Despite the availability of
relevant data on the TBA and AOA content in the fiuiting bodies of
F. pinicola (Sulkowska-Ziaja et al., 2012; Nowacka et al., 2015; Zhang
etal,, 2023), only one study of ours (Krupodorova et al., 2024) has been
published so far, focusing on the phenolic content and antioxidant activity
of this fngus's mycelium.

It is well known that flowability plays a critical role in ensuring that
powders used in drug formulations meet the necessary standards for ma-
nufacturability and product quality. However, the poor flowability of dry
powder mixtures of 7. versicolor, P. ostreatus, and F. pinicola mycelium
can result from various factors related to their physical properties (mois-
ture content, particle size and shape, density) and their fibrous nature. This
prompted us to search for additional functional components to facilitate
encapsulation.

In our work, we used well-known components with various functio-
nal purposes to develop granules. First of all, various fillers/diluents, such
as lactose monohydrate (crystallized form of milk sugar), microcrystalline
cellulose, the mixture of mannitol and microcrystalline cellulose.

Lactose monohydrate is widely used in the processes of creating gra-
nulated and tablet dosage forms by dry and wet granulation methods, due
to good cohesive properties (promoting compressibility), narrow particle
size distribution and mixing ability. Other types of diluents are microcrys-
talline cellulose and mannitol. Wang et al. (2023) studied the effect of dilu-
ent types, among which are those we used lactose monohydrate and mic-
rocrystalline cellulose (MCC) and granulation liquids on granule properti-
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es for high shear wet granulation. The diluents’ impact on granule proper-
ties was higher than that of granulation liquids. Different granulation me-
thods (MCC with mannitol and MCC with dibasic calcium phosphate
(DCP) were also studied by the Kittd et al. (2020). The tabletability of the
MCC-DCP formulation decreased after wet granulation, while the table-
tability of MCC-mannitol increased.

Junnila et al. (2022) varied the MCC-mannitol ratio to evaluate the
optimal composition for high-dose formulations. The filler ratio MCC-
mannitol had a significant effect on the tabletability of the model substan-
ces paracetamol and metformin, which have poor compaction properties.
The flowability of the granules was not affected by the MCC-mannitol
ratio. Another component of solid dosage forms — disintegrant (croscar-
mellose sodium (CCS) in our study) is added to the formulation to promo-
te disintegration of granules and tablets to release the drug and its subsequ-
ent absorption. The effect of wet granulation on the efficacy of the disinte-
grant has been studied by Veronica et al. (2024). The disintegrants crospo-
vidone (XPVP), croscarmellose sodium and sodium starch glycolate
(SSG) were wet granulated together with dibasic calcium phosphate dihy-
drate as a poorly water-soluble matrix and polyvinylpyrrolidone as a bin-
der. Koster & Kleinebudde (2023) investigated the influence of the locali-
sation (intragranular, split or extragranular) of the same disintegrants
(CCS, XPVP and SSG) on granules and tablets after twin-screw granulati-
on. The authors found that disintegrants reduced particle size in granulati-
on, with SSG having the least effect. Intragranular croscarmellose sodium
and extragranular crospovidone were found to be advantageous for se-
lected conditions, providing the fastest disintegration.

Polyvinylpyrrolidone (PVP) is a universal pharmaceutical excipient
due to its inertness, non-toxicity and biocompatibility (Kurakula & Rao,
2020). It is also used in both for traditional and new formulations, acting as
a coating and suspending agent, pore-forming agent, solubilized, stabilizer,
etc. The main pharmaceutical applications of PVP are summarized in the
review (Luo et al., 2021) improving the bioavailability and stability of
drugs, improving the physical and mechanical properties of drugs, regula-
ting the rate of drug release, and prolonging the circulation time of lipo-
SOmes in Vivo.

It should be noted that all the functional fillers in our test had a posi-
tive effect on the flowability of the experimental samples of encapsulants
with mycelium mix. The best results were obtained with samples 6 and 8.
Common to these samples was the addition of low levels of lactose mo-
nohydrate (3% and 5%) and increased levels of mannitol:MCC (10% and
11%). However, the addition of functional ingredients also affected the
moisture content of the resulting granulates. A moisture content above 2%
is typically undesirable for granules. This is due to a number of important
factors: high moisture levels can cause granules to clump together, leading
to poor flowability; excess moisture can affect the stability and quality of
the granulate product; high moisture content creates a favourable envi-
ronment for the growth of microorganisms, especially in our case where
the granulate contains organic bases. Because of these potential risks, not
all samples were tested in further experiments, but 1-7.

All tested granules contained phenolic compounds and were able to
inhibit free radicals. The polyphenol content did not vary significantly, ex-
cept for sample 3. The latter could hypothetically be the result of possible
adsorption of fungal TPC, especially those that are more polar, which may
adhere to MCC particles, which would reduce their detectability in analy-
sis methods that require them to be in solution. The varying antiradical
activity of the granulates tested may be attributed to the possible antioxi-
dant activity of the added functional components. Mannitol showed sca-
venging effect toward hydroxyl free radicals (Wisselink et al., 2002; And-
ré & Villain, 2017; Hausler et al., 2021). Carboxymethyl cellulose also has
a low antioxidant capacity (Moseley et al., 2003; Fan et al., 2014).

The research focused on development of a formula for a biologically
active dietary supplement with antioxidant properties, based on a macro-
fungi mycelium complex does not address the identification of specific
polyphenolic compounds and all potential risks associated with imple-
menting this technology in a production setting. Additional studies using
the manufacturer’s available industrial equipment are required.

Future research efforts would involve comprehensive pharmacologi-
cal studies to identify polyphenolic compounds in the proposed fungi mix-
ture and to confirm the drug's efficacy and safety. Moreover, developing

and standardizing the technological and regulatory documentation for its
production will be essential. Also, future study might develop other do-
sage forms based on mycelium of 7. versicolor, P. ostreatus and F. pini-
cola.

Conclusion

Utilizing fungal mycelium for the development of dietary supple-
ments and subsequently pharmaceuticals represents a relevant, promising,
and innovative approach. The results obtained indicate the potential for
further phytochemical and pharmacological investigations of raw materi-
als derived from fungal mycelium, aimed at developing natural products
with antioxidant properties. Additionally, our study highlights a clear ne-
cessity to assess pharmacological and pharmacotechnological parameters
for the formulation of dietary supplements that utilize mushroom myce-
lium. Determination of TPC, AOA and the pharmacotechnological para-
meters of the granulates identified an optimal composition of a biological-
ly active dietary supplement, which comprised 80% of mycelia mixture,
5% lactose monohydrate, a 10% mixture of mannitol and microcrystalline
cellulose in a 2:1 ratio, 1% sodium croscarmellose, and a 0.7% solution of
carboxymethyl cellulose at 4%. This specific combination yielded a prod-
uct with a total phenolic content of 29.83 + 0.49 mg GAE/g and demon-
strated a robust antioxidant capacity, effectively neutralizing 86.53 +
0.62% of DPPH free radicals. These findings underscore the potential of
this optimized excipient mixture for the formulation of effective mush-
room-based dietary supplements that exhibit high TPC and antioxidant
characteristics. With continuous advancements in research and technolo-
gy, medications derived from mycelium could significantly influence the
future of pharmacology.
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