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Abstract

Background/Objectives: Oral squamous cell carcinoma (OSCC) remains a major therapeu-
tic challenge due to treatment-related toxicity and impaired oral tissue regeneration. This
study aimed to develop and characterize a novel biocomposite based on bioactive com-
pounds from Ganoderma lucidum incorporated into marine collagen derived from Rhizostoma
pulmo and to evaluate its physicochemical properties, antioxidant and antimicrobial activi-
ties, and in vitro antitumor potential in the oral cavity. Methods: Hydroalcoholic extracts of
G. lucidum and pepsin-soluble collagen peptides from R. pulmo jellyfish were prepared and
combined to obtain two hydrogel biocomposites with different component ratios. Chemical
and structural characterization was performed using HPLC-DAD, SDS-PAGE, FI-IR, circu-
lar dichroism, and spectrophotometric assays. Antioxidant activity was assessed by DPPH
radical scavenging and reducing power assays, while antimicrobial activity was evaluated
against oral pathogens using diffusion and MIC methods. In vitro biological activity was
investigated using MTT viability and scratch migration assays on human OSCC cell lines
(SCC-9 and HSC-3). Results: The biocomposites preserved the structural integrity of type
I collagen and incorporated polysaccharides and polyphenols from G. lucidum. The com-
bined formulations showed enhanced antioxidant and antimicrobial activities compared
with collagen alone. In vitro assays demonstrated dose- and time-dependent reductions
in OSCC cell viability and delayed cell migration, with effects comparable to those of G.
lucidum extract. Conclusions: The G. lucidum—R. pulmo biocomposite exhibits favorable
physicochemical properties and demonstrates antioxidant, antimicrobial, and in vitro an-
titumor activity. These findings support its potential as a multifunctional biomaterial for
further investigation as an adjunct approach in oral cancer-related applications.

Keywords: oral squamous cell carcinoma; Ganoderma lucidum; marine collagen; biocomposite
hydrogel; antioxidant and antimicrobial activity
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1. Introduction

Globally, oral diseases are among the most prevalent health conditions and repre-
sent a major public health concern, significantly reducing individuals’ quality of life, as
highlighted by Peres et al. (2019) [1]. Among these, oral cancer is a particularly serious
disease encompassing a wide spectrum of neoplasms located in the oral cavity, pharynx,
and salivary glands. The term is largely synonymous with oral squamous cell carcinoma
(OSCC). Abed et al. (2019), Warnakulasuriya et al. (2020), and Sung et al. (2021) have
described various aspects of OSCC, which is the most common form of oral cancer among
oral tumors [2—4]. Studies by Gazdzicka et al. (2020), Wan et al. (2020), Bugshan et al.
(2020), and Jung et al. (2020) indicate that OSCC accounts for more than 90% of head and
neck squamous cell carcinomas (HNSCCs), with a five-year survival rate ranging between
40% and 50%. It is also considered the sixth most common type of cancer worldwide [5-8].
According to Sato et al. (2019) and Ghosh et al. (2019), current medical practice typically
treats OSCC using a combination of conventional therapies, such as surgery, radiotherapy,
and chemotherapy, employing agents including cisplatin, 5-fluorouracil, and docetaxel,
among others [9,10]. However, Ghosh et al. (2019) reported that certain chemotherapeutic
drugs, such as cisplatin or (SP-4-2)-diamminedichloroplatinum (II), although widely used
in the treatment of various cancers, are highly toxic and present significant disadvantages
in clinical applications due to their adverse side effects and the development of drug resis-
tance [10]. Cheng et al. (2021) further evidenced mechanisms underlying cisplatin resistance
in oral squamous cell carcinoma (OSCC) [11]. Ezzat et al. (2021) noted that radiotherapy
may also cause several adverse events, including xerostomia, dental caries, oral mucositis,
trismus, and osteoradionecrosis [12]. Similarly, Bharadwaj et al. (2019) and Zhang et al.
(2020) analyzed the undesirable side effects associated with conventional chemotherapy,
such as anemia, neutropenia, vomiting, oral inflammation and infections, neurotoxicity,
hepatotoxicity, and nephrotoxicity. These treatments can also impair vital oral and facial
functions, including speech, breathing, taste, smell, chewing, swallowing, and overall facial
appearance [13,14]. The high costs, low survival rates, and slow progress in oral cancer
therapy research have also been emphasized by other researchers, including Wong et al.
(2018) [15]. Khalil et al. (2017) identified epidermal growth factor receptors (EGFRs) as
a potential therapeutic target in oral cavity cancer. However, their study also reported
that the use of EGFR inhibitors can cause multiple adverse effects, such as skin reactions,
nausea, and diarrhea. Moreover, EGFR inhibition may enhance cisplatin-induced apoptosis
in OSCC cells, but paradoxically, it can also contribute to increased tumor cell proliferation
and metastasis [16]. Efforts to minimize the toxic effects experienced by patients undergo-
ing conventional treatments have prompted the development of new therapeutic strategies
for oral cancer. In this context, herbal medicines have gained attention for their potential
anticancer properties. Imram et al. (2019), Nazhvani et al. (2020), and Ma et al. (2020)
conducted studies exploring the use of herbal medicines in anticancer therapy [17-19].
More recently, Billi et al. (2025) investigated the biological potential of cannabinol in human
oral squamous cell carcinoma cells [20]. The remarkable anticancer properties of Gano-
derma lucidum biocomponents have been recognized in studies by Cadar et al. (2023) and
Toson et al. (2025) [21,22]. Kumar et al. (2019) reported that in Chinese medicine, G. lucidum
have been used to treat a wide range of acute and chronic diseases, including cancer [23].
According to Bhat et al. (2021), these therapeutic effects are attributed to various classes of
bioactive compounds distributed throughout the mushroom [24]. Among these, polysac-
charides exhibit antitumor, immunomodulatory, antioxidant, and antiangiogenic activities.
Terpenes, particularly triterpenoids demonstrate antiproliferative, antiangiogenic, anti-
inflammatory, and antioxidant effects. Proteins, amino acids, and polyphenols primarily
contribute antioxidant and antitumor activities, while vitamins, minerals, sterols, and
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fibers are also known for their anticancer potential. It is noteworthy that similar bioactive
compounds are also present in other marine resources, as reported by Sirbu et al. (2019),
Cadar et al. (2023), and Cadar et al. (2025) [25-28]. Kim et al. (2024), Haleem et al. (2024),
and Camargo et al. (2022) studied the pharmacological actions of G. lucidum in the oral
cavity [29-31]. Hsu et al. (2021) isolated a water-soluble, glucose-rich polysaccharide (WSG)
from Ganoderma lucidum and tested its effects on human tongue cancer cell lines (SAS and
HSC3). Their results demonstrated that WSG significantly reduced cell viability and colony
formation in these cell lines [32]. Zeng et al. (2020) further demonstrated advances in OSCC
treatment through modulation of the miR-188/BCL9/ 3-catenin pathway [33].

Another material of interest in our study is collagen, a biological macromolecule
with a triple-helix structure. Xu et al. (2021) described the different types of collagen
and emphasized its value as a biomaterial due to its accessibility, biocompatibility and
biodegradability [34]. In recent years, Cherim et al. (2019), Cadar et al. (2023) and Pesterau
et al. (2025) have shown that collagen extracted from marine sources has become widely
used compared to bovine and porcine collagen due to the possibility of transmitting
diseases such as foot-and-mouth disease, bovine spongiform encephalopathy, or infectious
encephalopathies [35-37]. Collagen extraction from marine resources must be performed
using carefully controlled methods, as demonstrated by Sirbu et al. (2019) and Cadar et al.
(2024) [38,39]. An essential requirement, emphasized by Cherim et al. (2017) and Cadar
etal. (2018, 2019), is that the marine environment used as a source for collagen extraction
must be clean and free from pollutants [40-42]. The antitumor and antioxidant activities
of marine collagen have been evidenced by several authors, including Mizarpour et al.
(2020), Yaghoubzadeh et al. (2019), Wali et al. (2019), and Rahman et al. (2020) [43—46].
Marine collagen is particularly valuable because of its role in promoting oral mucosa
regeneration, enhancing cell viability and migration, exhibiting antitumor potential and
demonstrating antimicrobial effects against common oral pathogens. Based on the above
observations, we propose new perspectives for the development of combined biomaterials
that synergistically improving the anticancer actions of bioactive compounds from G.
lucidum (rich in polysaccharides, triterpenes, and phenolic compounds) with collagen
compounds from R. pulmo. These biomaterials are intended to promote oral health through
demonstrated in vitro antitumor activities, antioxidant and antimicrobial.

Due to the limited data available in the specialized literature regarding the antitumor
activity of composites based on fungal extracts and marine collagen derived from jellyfish,
particularly on oral tumor cell lines, the aim of the present study was to identify and charac-
terize the biocomponents of Ganoderma lucidum and jellyfish collagen, as well as to evaluate
the antioxidant, antimicrobial, and in vitro anticancer activities of a novel composite ob-
tained by combining these two natural resources. As highlighted in previous studies, oral
squamous cell carcinoma (OSCC) remains a major clinical challenge worldwide, primarily
due to its high recurrence rate and the limitations of current therapeutic approaches [3,4].
Conventional anticancer agents are often associated with significant drawbacks, including
systemic toxicity, limited selectivity toward tumor tissue, and adverse side effects, which
have driven the search for alternative or complementary therapeutic strategies. In this con-
text, the development and evaluation of an innovative natural biocomposite with potential
antitumor activity represent a promising adjuvant approach.

More specifically, a series of preliminary investigations were conducted on the newly
developed biocomposite, focusing on its rheological characteristics, antioxidant and an-
timicrobial properties, and in vitro antitumor potential. The composite was obtained by
incorporating hydroalcoholic extracts of G. lucidum into a collagen matrix extracted from
Rhizostoma pulmo jellyfish harvested from the Black Sea. In addition, the study compar-
atively evaluated the antioxidant and antimicrobial efficacy, as well as the rheological
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behavior, of the composite relative to its individual biocomponents. Preliminary in vitro
experiments performed on OSCC cell lines were designed to assess the capacity of this
innovative biocomposite to inhibit cell migration and reduce tumor cell viability, thereby
demonstrating its biological activity rather than claiming immediate clinical selectivity or
therapeutic applicability.

Although the biological activities of Ganoderma lucidum extracts and marine-derived
collagen have each been reported previously, studies that integrate these two natural
resources into a single multifunctional biomaterial remain limited. In particular, there is a
lack of systematic investigations addressing the combined physicochemical, rheological,
antimicrobial, antioxidant, and anticancer properties of fungal-marine biocomposites
designed for applications in the oral cavity.

The present study addresses this gap by developing and characterizing a novel hydro-
gel biocomposite that incorporates bioactive compounds from G. lucidum into a collagen
matrix derived from the jellyfish Rhizostoma pulmo. The originality of this work lies not in
the discovery of new individual bioactivities but in the formulation of a composite material
and the evaluation of potential synergistic interactions between its components, with partic-
ular emphasis on in vitro antitumor activity against oral squamous cell carcinoma (OSCC)
cell lines and antimicrobial activity against oral pathogens. This integrated approach aims
to provide a foundation for further studies on multifunctional biomaterials intended for
oral health applications.

2. Results

The pharmaceutical formulations developed in this study are intended for the treat-
ment of conditions associated with oral squamous cell carcinoma (OSCC). These formulas
are designed as hydrogels composed of hydroalcoholic extracts from G. lucidum and marine
collagen extracted from R. pulmo. In the initial phase, both species were analyzed separately
to characterize their chemical and biological properties. Subsequently, new biocomposites
combining extracts from G. lucidum and R. pulmo were developed and evaluated for their
potential use in OSCC therapy within the oral cavity. Figure 1 presents images of the G.
lucidum mushroom and the collagen hydrolysate obtained from R. pulmo jellyfish collected
from the Black Sea.

B. G. lucidum extract C. R. pulmo jellyfish D. R. pulmo collagen

Figure 1. Raw materials used to formulate a new biocomposite based on G. lucidum extract and
collagen obtained from R. pulmo [47].

2.1. Chemical Profiling of Ganoderma lucidum Ethanolic Extract and Rhizostoma pulmo
Collagen Hydrolysate

The G. lucidum extract was obtained with a yield of 90% by maceration in 70% ethyl
alcohol. The collagen from R. pulmo was obtained with a yield of 55.6% by extraction using
the PSC method (pepsin-soluble collagen). Table 1 shows the approximate composition of
the extract from the G. lucidum mushroom and the collagen from R. pulmo. The results are
given as percentages relative to dry weight (DW). The moisture content for the G. lucidum
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extract, was 11.98 + 4.34%, consistent with the results reported by Rahman et al. (2020) and
Gharib et al. (2022). The hydrogel extract (JPC) from R. pulmo exhibited a moisture content
of 13.1 & 0.1% [46,48]. The ash content was also determined for each material analyzed.
Among the key results, the polysaccharide content of the G. lucidum extract was notably
high, at 42.80 £ 5.53%, aligning with previously reported data by Rahman et al. (2020),
Gharib et al. (2022), and Taofiq et al. (2017) [46,48,49]. In contrast, the collagen extracts
from R. pulmo showed a relatively low polysaccharide content of 1.25 £ 0.30% (W) and
0.65 £ 0.25% (G). The protein content of G. lucidum extracts was relatively low, at
7.49 £ 0.56% of dry weight (DW), consistent with previous reports by Gharib et al. (2022),
Taofiq et al. (2017) and El Sheikha et al. (2022) [48-50]. In contrast, extracts from the
jellyfish R. pulmo exhibited a much higher protein content of 59.48 + 0.55%, with protein,
primarily collagen, being the predominant component (55.5 & 0.6%). Similar values have
been reported by Pesterau et al. (2024), Leone et al. (2015), and D’Ambra et al. (2015,
2022) [37,51-53]. The lipid content of G. lucidum extracts was 2.83 £ 0.18%, comparable to
the data reported by Rahman et al. (2020) and Taofiq et al. (2017) [46,49]. El Sheikha et al.
(2022) also presented comparable data for lipid content [50]. The whole-body lipid con-
tent of R. pulmo was 5.2 £ 0.79% comparable to the data of D’Ambra et al. (2022) [53].
Additionally, the total dietary fiber content of G. lucidum extracts was analyzed.

Table 1. Chemical composition of ethanolic fungal extract and collagen peptides hydrogels.

o .
70% Ethanolic Extract of G. Hydrogel Extract JPC from R. pulmo

Characteristics lucidum
G. lucidum References With 10% Pepsin References
. . 12.19 4 0.33 [46]
Moisture % (DW) 11.98 +4.34 8.14 + 1.12 [48] 13.1 £0.10 -
Ash 600-800 °C % 3.93 £ 0.18 [46]
(DW) 2.84 £0.50 2.4+ 0.20 [49] 0.55£0.10 -
o 44.19 + 0.17 [46] '
P"lysa(cg‘js;ldes P 4804553  37.33 4 4.06 [48] AP AL .
88.4 & 0.20 [49] : :
8.54 + 0.87 [48] 59.48 + 0.55 61.80 [51]
Proteins % (DW) 7.49 £ 0.56 6.72 £ 0.04 [49] 23.29 = 0.85 B; 6 W; 8.70-13.70 B; [53]
19.5 £0.04[50] 20+1.210A;17.07 £1.85G 27 OA; 18 G [52]
Collagen content % .
(DW) - - 55.5 + 0.60 56.3 [53]; 57.1 [37]
2.4 4 0.29 [46] _ 2.3 W;[53]
Lipids % (DW) 2.83 £0.18 2.50 £ 0.02 [50] ié%:i%i%‘g’ 4.0 £ 0.10 W; 0.80 OA;
3.00 + 0.01 [50] ' ' 1.20 G; [53]
Total dietary fiber %
OW) 2.90 + 0.01 3.5 £ 0.01 [50] - -

(W)—the whole body; (B)—bell; (OA)—oral arms; and (G)—gonads. Values are expressed as mean + SD for
n=23.

The biocomponents of interest are polysaccharides, proteins, and polyphenol content,
which support the antioxidant and antimicrobial activities of the biomaterials studied.

2.2. Monosaccharide Types of Polysaccharide Content of G. lucidum

The results obtained by the HPLC-DAD method used to quantify the basic units of
monosaccharides in the polysaccharides identified in G. lucidum are presented in Table 2.
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Table 2. Types of monosaccharides that form the polysaccharide content in the aqueous extract from
the fruiting body of G. lucidum.

Monosaccharide Structures Aqueous Extract of G. lucidum (mg/g)
Xylose 0.41 £0.01
Fructose 14.50 £ 0.02
Glucose 12.91 +0.02
Sucrose 0.82 £ 0.01
Maltose 51.01 £ 0.01

Results are expressed as mean =+ SD for three replicates (1 = 3).

The results show that maltose was the main monosaccharide, followed by fructose,
glucose, sucrose, and xylose. Figure 2 shows the chromatograms obtained for the monosac-
charide standards and the ethanolic extract of G. lucidum.

mV

154

Fructose

Sucrose

T T ™
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Figure 2. Chromatograms obtained in HPLC analysis: (A) standards for the analyzed monosaccha-
rides; (B) results for monosaccharides in the extract from G. lucidum.

2.3. Rhizostoma pulmo Collagen Characterization
2.3.1. SDS-PAGE Analysis

The protein content of R. pulmo jellyfish consists primarily of collagen and collagen
peptides. To characterize the structure of collagen SDS-PAGE analysis was performed. The
electrophoretic profiles of both preparations were very similar, confirm that the isolated
protein is type I collagen. Type I bovine collagen was used as a standard, and the x-chain
bands were observed in the 110-150 kDa range. In Figure 3A, bands of the 3 and y chains
are also detected above 200 kDa.
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% Transmittance

A

2.3.2. Circular Dichroism Spectral Analysis

The secondary structure of collagen obtained from the jellyfish R. pulmo was deter-
mined by circular dichroism (CD) spectroscopy, and the results obtained are illustrated
in Figure 3B. The spectrum showed a positive ellipticity band around 200 nm and a min-
imum at 198 nm. The signals support the maintenance of the triple-helix configuration
characteristic of collagen.

2.3.3. FI-IR Analysis

Figure 3C shows the FI-IR spectrum obtained for collagen extracted from R. pulmo,
tracking the variation in transmittance as a function of wavelength. Spectral analysis
confirms type I collagen with a triple helix structure.

MARKER JELLYFISH COLLAGEN
1 e |

STD  ASC  PSC

Y 20
jellyfish collagen
0
200 —— B 3 B
20+
-— al E 40 A "
116 — a2 P maxim_positive =200 NM
———> — = .60= =
97 - . B E A ien_negatve =198 NM
5 809 A s _etipuicey =214.5 nm
w
66 ——> M— 4009
120
140~
45 _.~ 160 T T

)
200 250 240 260
—_ WAVELENGTH (nm)

Amide II Amide ITI

Amide B

3

292941

3305.75

4000

3500 3000 2500 2000 1500 1000
Wavenumbers (cm!)

Figure 3. Physicochemical analysis on the jellyfish collagen: (A). SDS-PAGE analysis of collagen
from R. pulmo; (B). circular dichroism spectra of R. pulmo collagen; (C). FI-IR spectra for R. pulmo
collagen [37].

FT-IR spectroscopy can provide information on collagen structure based on the pres-
ence and intensity of distinct peaks corresponding to certain types of amides, such as A/B
and amide bonds I, II, and III, which are essential for triple helix formation, as shown
Belbachir et al. (2009) and Riaz et al. (2018) [54,55]. The presence of proline is indicated by
signals at 1444 cm~! and 1334 cm~!. Additionally, the amide II peak observed in the range
1533-1537 cm~! further confirms the preservation of the collagen triple-helix structure.
The signal at 3283 cm ! is attributed to N-H vibrations (amide A), while the signal at
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2934 cm ! is attributed to CH, groups (amide B). The signal at 1647 cm~!, 1534 cm ™!,
and 1241 cm™! are attributed to amides I, 1T, and III, associated with C=0, C-N, and N-H
vibrations, respectively. Our results are comparable to data in the literature. The signal
at 1.241.18 cm~! (amide III) confirms the existence of an intact triple helical structure,
demonstrating the quality and stability of collagen extracted from R. pulmo, as also shown
by Derkus et al. (2016) [56]. At a signal at 1.539.31 cm ™!, amide II was present, and it can
be stated that hydrogen bonds exist, in accordance with other previous studies conducted
by Riaz et al. (2018) [55]. Amide I was at 1.651 cm~! in R. pulmo, and the signal of amide IT
was 1539 cm~! in accordance with studies conducted by Cadar et al. (2024) and Riaz et al.
(2018) [39,55]. Amide I showed a signal frequency at 1241.18 cm ™! close to 1238 cm ! in
R. pulmo in accordance with studies conducted by Derkus et al. (2016) [56].
Table 3 presents the values obtained by us compared with data from the literature.

Table 3. Interpretation of FTIR spectrum signals of collagen in R. pulmo.

Wavelength from

Region Wavelength Allocation References

N-H stretch coupled with a

-1
hydrogen bond 3.283cm ™! [56]

Aminde A 3305.75 cm ™!

Amide B 2929.41 cm™! CH; asymmetric stretching 2.934 cm~! [56]

Stretching C=0/hydrogen
bond coupled with COO™

NH bending coupled with CN
stretching, CH; bending,
COO™ symmetric stretching,
CHy, hydrogen bonds.

Amide I 1651.60 cm ™! 1.647 cm~1 [39]

Amide II 1539.31 cm ™! 1.550 cm ! [55]

NH bending coupled with CN

-1
stretching, C-O stretching 1.238 cm™~ [56]

Amide III 1241.18 cm ™!

2.4. Amino Acid Content of R. pulmo

The results for the amino acid compositions from whole body of R. pulmo jellyfish
harvested from the Romanian Black Sea coast (reported as residues per 1000 residues) are
presented in Table 4. From this analysis, it is evident that collagen extracts from R. pulmo
provide an important contribution of amino acids, and our results are comparable with the
literature data of James et al. (2023) [57].

Table 4. The results for amino acid content.

R. pulmo from Black
Amino Acid Type Sea Coast (Residues/
1000 Residues)

R. pulmo from Goa
Coast, India (%) [57]

Essential amino acids (EAAs)

Cystine (Cys) 1.20 -
Arginine (Arg) 6.20 5.63
Glycine (Gly) 33.40 29.34
Glutamic acid (Glu) 15.20 13.46
Leucine (Leu) 8.60 6.35

Histidine (His) 0.60 -
Proline (Pro) 3.90 297
Lysine (Lys) 6.30 4.62
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Table 4. Cont.

R. pulmo from Black
Amino Acid Type Sea Coast (Residues/
1000 Residues)

R. pulmo from Goa
Coast, India (%) [57]

Threonine (Thr) 5.25 3.18
Hydroxiproline (Hyp) 3.65 4.82
Valine (Val) 4.90 2.80
Tyrosine (Tyr) 3.90 1.77
Triptophan (Trp) 2.80 4.72
Non-essential aminoacids (NEAAs)

Aspartic acid (Asp) 6.65 10.91
Alanine (Ala) 6.90 10.38

Serine (Ser) 1.70 -

2.5. Polyphenolic Content
2.5.1. Total Phenolic and Flavonoid Content

Table 5 shows the results for total phenolic content (TPC) and total flavonoid content
(TFC). Both TPC and TFC were detected in G. lucidum extracts, whereas only TPC was found
in the collagen extracts and at substantially lower levels. These findings are consistent with
previous reports, with Rahman et al. (2020) documenting similar TPC values in G. lucidum
and Leone et al. (2015) reporting comparable TPC in R. pulmo collagen extracts [46,51]. The
TFC was evaluated exclusively in G. lucidum and compared with data from Gasecka et al.
(2016) [58]. The presence of polyphenols, together with polysaccharides, is important for
enhancing antioxidant activity.

Table 5. Total phenolic and flavonoid content of G. lucidum and R. pulmo.

TPC TFC

G. lucidum (mg GAE/g DW) R. pulmo (ug GAE/g DW) G. lucidum (mg QE/g DW)

35.80 + 0.50 30.916 £ 0.50 [46] 6.58 + 0.50 2.07 £ 0.50 [50] 65.32 + 0.50 34.09-38.08 [57]

Data are expressed by Mean =+ SD for n = 3.

2.5.2. Individual Phenolic Acids

Table 6 shows the results for individual polyphenols obtained for the fruiting body of
G. lucidum reported as dry weight (DW) and those obtained for the whole body of R. pulmo
reported as wet weight (WW). We found that in the extract of G. lucidum, the most abundant
polyphenol was gallic acid, followed by kaempferol, ellagic acid, and 3-methylgallic acid.
In R. pulmo, only gallic, syringic, and caftaric acids were identified.

Table 6. Individual phenolic content of G. lucidum and R. pulmo.

Type Results for GL Results for JPC
mg/100 g DW mg/100 g WW
p-coumaric Acid 0.038 + 0.02 -
Vanillic Acid 0.10 £ 0.01 -
Gallic Acid 742.08 £ 0.02 5.84 + 0.02
Chlorogenic Acid 0.12 +0.01 -
Kaempferol 59.57 £ 0.01 -
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Table 6. Cont.

Type Results for GL Results for JPC
mg/100 g DW mg/100 g WW
Vanillin 0.10 = 0.02 -
Ellagic Acid 3.78 + 0.02 -
3-Methil-Gallic Acid 1.56 + 0.02 -
Syringic acid 0.40 £+ 0.01 0.50 4+ 0.009
Caftaric acid - 0.24 +£0.01

Data are expressed by Mean =+ SD for n = 3.

2.6. Characterization of the New Biocomposite Obtained

The formulation of the new biocomposite is based on an extract obtained from the
Ganoderma lucidum mushroom and collagen peptides from the Rhizostoma pulmo jellyfish.

2.6.1. Macroscopic Study of GL-JPC Composite

To develop the biocomposite composed of G. lucidum (GL) extract and jellyfish collagen
peptides (JPCs), a hydroalcoholic extract of GL was incorporated into a collagen matrix
derived from JPC. Two types of biocomposites were formulated:

e  Extract E1 (GL-JPCQ): prepared with a composition of 3/5 (v/v) 10% GL ethanolic
extract and 2/5 (v/v) JPC collagenic hydrogel extract.

e  Extract E2 (GL-JPCQ): prepared with a composition of 4/5 (v/v) 10% GL ethanolic
extract and 1/5 (v/v) JPC collagenic hydrogel extract.

The macroscopic characterization, including the organoleptic properties of the indi-
vidual components and of the newly obtained formulations, was presented in Table 7.

Table 7. Characteristics of ingredients for the newly formulated biocomposite.

Compound Color Observation
G. lucidum 60% ethanolic extract yellow-brown Liquid
G. lucidum 75% ethanolic extract brown Liquid
Collagen peptides from R. pulmo white Powder

Hydrogel with 3/5 parts of extract of
ethanolic GL 10% and 2/5 parts
extract of R. pulmo collagen peptide
extract (E1)

viscous, gelatinous

light yellow texture

Hydrogel with 4/5 parts of 10%
ethanolic GL extract and 1/5 parts of R. light brown
pulmo collagen peptide extract (E2)

viscous, gelatinous
texture

For both formulations, freeze-dried collagen was used as the structural matrix, while
the G. lucidum extract was incorporated in liquid form. The organoleptic evaluation of the
GL-JPC composites revealed a distinct color variation correlated with the concentration of
the fungal extract, shifting from yellowish-white to yellowish-brown as the proportion of
G. lucidum increased. Specifically, the G. lucidum extract was used in liquid state, while the
collagen obtained from R. pulmo jellyfish was used in freeze-dried powder form.

2.6.2. Microscopic Study of GL-JPC Composite

The microscopic study was conducted to directly observe the structural organization
of the two primary components and to evaluate their interaction within the newly for-
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mulated biocomposite. Microscopic images of the extracts obtained from both studied
species are presented in Figure 4. Following the incorporation of the two compounds, the
resulting material exhibited a viscous and gelatinous texture. A gradual change in color
was observed, ranging from light yellow in formulation E1 to light brown in formulation

E2, corresponding to the increasing proportion of G. lucidum extract.

Figure 4. Microscopic images of the studied materials: (A) Image of G. lucidum extract; (B) Image of
Collagen extract; (C) Image of biocomposite E1 (GL-JPC). Both were stained with hematoxylin and
read at mixing time 0 h.

Figure 4 shows the microscopic analysis of the studied materials, namely, in Figure 4A,
the G. lucidum extract shows fine, uniformly distributed aggregates, indicating a homo-
geneous extract; Figure 4B shows the collagen extract from the R. pulmo jellyfish shows
the fibrillar structure characteristic of marine collagen; Figure 4C shows a microscopic
image of the E1 (GL-JPC) biocomposite that illustrates the interaction between the fungal
extract and marine collagen and highlights the initial stages of structural integration during
biocomposite formation.

2.6.3. Rheological Study of the Newly Obtained Biocomposites

To construct the flow curve (Figure 5A) and the rtheogram (Figure 5B), the parameters
described above were applied to the newly formulated hydrogels composed of G. lucidum
ethanolic extract (10%) (GL) and jellyfish collagen peptides (JPCs) obtained from R. pulmo.

Flow curve for E1 and E2 biocomposites Rheogram for E1 and E2 biocomposites

1200
200000
180000 o0
160000 | EL(GLIPC) —=—E1 (GL-JPC)
——F2 (GLJPC) 2
—»—E2 (GL-JPC)
140000 800 |
120000 |
£ 100000 2 600
c a
80000
60000 | A0
10000
200 |
20000 |
. 0
0 200 400 600 800 1000 i — B - T—
D (s = (mPa)
A B

Figure 5. Flow curve of G. lucidum extract and jellyfish collagen formulation E1 and E2 based GL-JPC
(A) and rheogram for the newly formulated E1 and E2 (B). Data are expressed as mean + SD (1 = 3).
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According to one-way Anova analysis, no statistical significant differences were ob-
served between analyzed samples (p > 0.05, for n = 3), which suggests that both biocompos-
ites induce similar effects under the same experimental conditions. In Figure 5, the data
are presented as averages of three successive measurements with +Standard Deviation.
The rheological profile of both formulations demonstrates pseudoplastic (shear-thinning)
behavior across the applied shear rate range, confirming a non-Newtonian response typical
of hydrogel systems. Both graphs—shear stress versus shear rate—exhibited a hysteresis
loop between the ascending and descending curves, indicating the thixotropic nature of the
two composites, E1 and E2. The incorporation of GL extract at different concentrations into
the JPC collagen matrix resulted in viscous arrays with distinct viscoelastic characteristics.
Similar rheological characteristics for collagen-based preparations have previously been
described by Cherim et al. (2019) and Pesterau et al. (2025) [35,37].

The E1 (GL-JPC) biocomposite exhibited higher viscosity, whereas the E2 (GL-JPC)
formulation displayed slightly lower viscosity.

2.7. Antimicrobial Activity

The results of antimicrobial activity of the JPC collagen extract, GL ethanolic extract,
and the newly developed E2 (GL-JPC) formulation were assessed against common oral
pathogens: S. mutans, S. aureus, and C. albicans. The results are illustrated in Figure 6: S.
aureus (Figure 6A), S. mutans (Figure 6B), and C. albicans (Figure 6C), with ethanol used as
the negative control (NC).

-

P

. “!'.
e
| y 1] ‘3‘. |
W

4
' 4

T Y8 " O'mm
B C

5

Figure 6. (A) Antimicrobial activity of GL, JPC, and E2 (GL-JPC) versus, (B) Antimicrobial,
(C) Antimicrobial activity of GL, JPC, and E2 (GL-JPC) versus C. albicans; NC-negative control
activity of E2 (GL-JPC), JPC, and GL against S. mutans; NC-negative control, S. aureus; NC-
negative control.

A more extensive study in which antimicrobial activity was evaluated against the
following pathogens: Gram-positive bacteria, S. aureus (ATCC 25923) and S. mutans (ATCC
25175), as well as the fungal strain C. albicans (ATCC 10231). The Gram-negative bac-
teria studied were E. coli (ATCC 25922), P. aeruginosa (ATCC 27853), and P. mirabilis
(ATCC 25933).

The E2 (GL-JPC) formulation was selected as the representative composite to compare
the antimicrobial activity of the combined material with that of its individual GL and JPC
components. Figure 7 presents the antimicrobial activity results expressed as inhibition
zone diameters (mm), determined using the diffusimetric method. This method was
applied to the ethanolic extract of G. lucidum, collagen peptides extracted from R. pulmo,
the newly formulated biocomposite E2 (GL-JPC), and amoxicillin (used as a reference
antibiotic). Statistical analysis using ANOVA and t-tests revealed significant differences
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in the inhibition zone diameters among the tested samples and amoxicillin: p < 0.01
(marked with *) for E2 (GL-JPC) compared to JPC; p < 0.05 (marked with #) for E2 (GL-JPC)
compared to GL; and p < 0.05 (marked with $) for E2 (GL-JPC) compared to amoxicillin.
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S. mutans S. aureus E. coli P. aeruginosa P. mirabilis C. albicans

Figure 7. Antimicrobial activity of G. lucidum extract (orange), R. pulmo collagen (blue), E2 (GL-JPC)
composite (green), and Amoxicillin, the control (yellow). Each result represents the mean =+ SD for
n =3; *p < 0.01 for GL-JPC compared with JPC; # p < 0.05 for GL-JCP compared with GL and
$ p < 0.05 for GL-JCP compared with Amoxicillin.

Table 8 shows the Minimum Inhibitory Concentration (MIC) values for the sam-
ples tested against the analyzed pathogens. The MIC values range from 25 pg/mL to
86.5 pg/mL.

Table 8. Minimum Inhibitory Concentration (MIC) of the extract and the newly formulated composite.

. . MIC (ug/mL)
Bacterial Strain G. lucidum R. pulmo GL-JPC Composite

S. mutans 85+ 0.7 50 £ 0.5 86.5 £ 0.8

S. aureus 80 £ 0.5 75+ 04 85+ 0.5

C. albicans 75+ 0.6 75+£0.2 75+£0.8

E. coli 76 £0.8 75£03 77 £0.5

P. aeruginosa 50 £ 0.8 50 £ 0.6 52 £ 0.6
P. mirabilis 35+0.8 25£05 36 £0.5

Results are expressed as mean 4 SD for n = 3.

For collagen peptides, our results are similar to those reported by Pesterau et al. (2025)
and are consistent with the findings of these analyses [37].

An interesting finding of the antimicrobial evaluation was the enhanced inhibitory
activity of the G. lucidum-R. pulmo biocomposite against Staphylococcus aureus compared
with the individual components. This selective synergistic effect was not observed for
other tested microorganisms, including Streptococcus mutans or Candida albicans. A plausible
explanation may involve differences in cell wall structure and membrane composition
among microbial species.

Polyphenols and triterpenoids present in G. lucidum extracts are known to disrupt bac-
terial membranes and interfere with intracellular targets, while collagen-derived peptides
may contribute to improved adhesion or localized retention of bioactive compounds at
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the microbial surface. The combination of these mechanisms may enhance susceptibility
in S. aureus, a Gram-positive bacterium with a thick but relatively permeable peptidogly-
can layer. In contrast, differences in fungal cell wall composition or bacterial membrane
architecture may limit similar synergistic effects in other strains. These hypotheses require
further investigation through targeted mechanistic and repeated antimicrobial studies.

2.8. Antioxidant Activity
2.8.1. DPPH Assay

The antioxidant capacity was evaluated using the DPPH assay, and the results are
illustrated in Figure 8. The DPPH radical scavenging activity of the ethanolic extract of
G. lucidum (GL) is presented in Figure 8A, while Figure 8B shows the antioxidant activity
of collagen extracted from the jellyfish R. pulmo (JPC). Figure 8C compares the results of
antioxidant capacity of the individual compounds (GL and JPC) with the newly developed
GL-JPC biocomposite.

As shown in Figure 8, both the GL extract and the GL-JPC biocomposite exhibited
significantly higher scavenging activity compared to JPC alone. When benchmarked
against the standard antioxidant, ascorbic acid, the GL-JPC biocomposite demonstrated
comparable activity, indicating a strong antioxidant potential. These results suggest that the
combination of G. lucidum extract and R. pulmo collagen results in a synergistic enhancement
of antioxidant properties, attributable to the complementary bioactive compounds present
in the biocomposite.

The improved antioxidant capacity can be attributed to the high content of polysac-
charides, polyphenols, and terpenoids present in the G. lucidum (GL) extract, which are
considerably more abundant than in the R. pulmo collagen peptide (JPC) extract. The ICsg
value of ascorbic acid, used as a reference standard, was 187.82 mg/mL. For the newly
formulated biocomposite E2 (GL-JPC), the ICs value was 231.44 mg/mL, while the values
for G. lucidum and JPC were 225.74 mg/mL and 516.45 mg/mL, respectively. These results,
obtained from the DPPH radical scavenging assay, clearly demonstrate the superior an-
tioxidant potential of the G. lucidum extract compared with the collagen peptides derived
from R. pulmo. For comparative purposes, the results are illustrated in Figure 8C. Statistical
analysis using one-way ANOVA, followed by f-test comparisons between test groups,
revealed a significant difference only between JPC and the E2 (GL-JPC) biocomposite
(p =0.01 < 0.05), indicated by the symbol *.

2.8.2. Reducing Power

The antioxidant capacity was also evaluated by the reducing power test, and the results
are presented in Figure 9. The results for the reducing power exhibited by the ethanolic
extract of G. lucidum are presented in Figure 9A, and Figure 9B presents the results for
the reducing power of collagen extracts. Figure 9C compares the reducing power values
of the individual components (G. lucidum and JPC) and the newly formulated GL-JPC
biocomposite, using ascorbic acid as the reference standard. Statistical analysis performed
using one-way ANOVA followed by t-tests revealed no statistically significant differences
among the analyzed samples. These observations emphasize the relevance of developing
new formulations, as the biocomposite demonstrates synergistic interactions between the
bioactive compounds found in its individual components.
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Figure 8. The results of DPPH test for G. lucidum-GL (A), R. pulmo collagen-JPC (B), and newly
formulated biocomposite compared to (C) GL-JPC with standard antioxidant (ascorbic acid). Results
represents the mean & SD for n = 3; * p < 0.05 for E2 compared with JPC.
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Figure 9. Reducing power test of G. lucidum—-GL (A), R. pulmo collagen-JPC (B), and newly formulated
biocomposite GL-JPC (C) compared with ascorbic acid (standard antioxidant). Results represent the
mean =+ SD for n = 3.

2.9. Biological Evaluation of the New GL-JPC Biocomposite

The antitumor activity of the G. lucidum (GL) extract and the biocomposites E1 (GL—
JPC) and E2 (GL-JPC) was evaluated using oral squamous cell carcinoma (OSCC) cell lines,
specifically SCC-9 and HSC-3. The experiments were conducted in accordance with ISO
10993-1 guidelines (Geneva, Switzerland, 2018) [59].

2.9.1. Anticancer Activity on the SCC-9 Lines Cells of New Composite E1 and E2
with GL-JPC

For the evaluation of anticancer activity against oral squamous cell carcinoma (OSCC),
SCC-9 cell lines were used to assess cell viability (% of control) across a concentration
range of 20-1000 pg/mL. SCC-9 cells, a human cell line derived from a metastatic lymph
node, are commonly employed in OSCC research. Cytotoxicity was measured using the
MTT assay. Cell viability results for the G. lucidum extract (GL) and the two composite
formulations, E1 (GL-JPC) and E2 (GL-JPC), prepared with different component ratios,
and the positive control substance, cisplatin, are presented in Figure 10. The control group
consisted of SCC-9 cells cultured in medium supplemented with 0.5% fetal bovine serum.

Figure 10 illustrates the antitumor effects of the tested samples, with the GL extract
showing the strongest cytotoxic response. Both E1 and E2 formulations exhibited similar
inhibitory effects on SCC-9 cell viability, with significant reductions observed at concen-
trations above 100 pg/mL. Cell viability progressively decreased over time, namely at
24 h (from 69 to 71% to 32-35%), at 48 h (from 66 to 68% to 26-28%), and at 72 h (from 64 to
66% to 18-19%). These results demonstrate the potent, time and dose-dependent cytotoxic
effects of both the GL extract and the GL-JPC biocomposites on OSCC cells.
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Figure 10. Cell viability in oral squamous cancer cell (OSCC) lines cells SCC-9, exposed to G. lucidum
extract (GL), E1 (GL-JPC), and E2 (GL-JPC) extract in the 20-1000 p1g/mL concentration range. Values
are expressed as mean =+ SD of 8 replicates (n = 8). * p < 0.05 for GL, E1 and E2 camparate with CTRL.
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Cell viability decreased progressively over time, namely at 24 h (from 69 to 71% to
32-35%), at 48 h (from 66 to 68% to 26-28%), and at 72 h (from 64 to 66% to 18-19%).
Although the GL extract exhibited a more potent antitumor effect than the newly developed
E1 and E2 biocomposites (GL-JPC), the antitumor activity of the composites remained
substantial, showing only slightly lower efficacy compared with GL alone. Statistical
analysis using ANOVA and t-tests indicated significant differences (p < 0.05), marked with
an asterisk (*) for each sample (GL, E1, and E2) compared with the control (CTRL).

Figure 11 presents the results of the migration assay performed on treated SCC-9 cells
and untreated control cells, evaluated using the scratch test at 24 h, 48 h, and 72 h. The
scratch assay, widely employed in wound-healing studies, assesses cell migration and
layer regeneration at the wound margins through proliferative processes, as described
by Pesterau et al. (2025) and Migone et al. (2022) [37,60]. Grada et al. (2017) further
demonstrated the applicability of this method in assessing cell migration dynamics [61].

The migration capacity of SCC-9 cells treated with natural biocomponent extracts
(samples GL, E1, and E2) was evaluated in comparison with untreated control cells (CTRL).

It was found that treatments with GL, E1, and E2 delayed the migration of cancer cells
compared to the untreated control group. In the absence of treatment, CTRL cells were
active for only 24 h. Cells treated with GL, E1, or E2 showed prolonged activity for up to
72 h in the affected area.

Figure 11B illustrates the confluency rate of SCC-9 cells in treated and untreated groups.

Statistical analysis using ANOVA and t-tests revealed significant differences (p < 0.05)
in the confluency rates of GL-, E1-, and E2-treated samples compared to the CTRL group,
as indicated by the asterisk (*).

In Figure 11A at 48 and 72 h, the CTRL samples showed no activity, while the
GL and E1 and E2 formulations showed activity, indicating inhibitory effects on cancer
cell movement.

E2

E1

GL

CTRL

Figure 11. Cont.
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Figure 11. The results of micrographs of SCC-9 cells (treated and control). (A) Microscopic images
from the scratch migration assay showing wound closure in SCC-9 cells, treated and untreated (CTRL),
at 24, 48, and 72 h post-scratch. (B) Confluency rate of SCC-9 cells, expressed as the percentage
of scratch closure relative to the initial wound area. The results are presented as mean + SD for
n = 8. The one-way ANOVA program was used for statistical analysis for p < 0.05, and the statistically
significant differences for GL, E1, and E2 compared to the control group (CTRL) were indicated with
the symbol (*).

2.9.2. Anticancer Activity on the HSC3 Lines Cells of New Composites E1 and E2 with
GL-JPC

The HSC-3 cell line represents an oral squamous cell carcinoma (OSCC) model derived
from a human tongue tumor. A preliminary cytotoxicity evaluation of the GL extract
and the biocomposites E1 (GL-JPC) and E2 (GL-JPC), and the positive control substance,
cisplatin, was conducted on HSC-3 cells. Figure 12 illustrates cell viability at 24, 48, and 72 h
for the GL, E1, and E2 test groups. Cell viability was reported as a percentage compared
to the control and assessed for samples treated with the GL extract and with the E1 and
E2 composites containing GL-JPC in variable ratios. For all tested samples, cell viability
decreased progressively with both increasing concentration and longer exposure times.

The migration capacity of HSC-3 cells was further examined using the scratch assay
for both treated (GL, E1, and E2) and untreated (CTRL) groups, as shown in Figure 13A
Treatments with GL, E1, and E2 significantly slowed cancer cell migration compared with
untreated controls during the first 24 h. In the absence of treatment, CTRL cells completely
ceased activity within 48 h, while treated cells continued to fight cancer cells for up to 72 h.
Similar results were reported by Camargo et al. (2022, 2023) [31,62], confirming the in-
hibitory effects of natural biocomponents on OSCC cell migration.

Figure 13B shows the confluency rate for treated and untreated HSC-3 cells. The GL,
E1, and E2 treatments all resulted in significantly reduced confluency compared with the
control (p < 0.01).

The CTRL samples acted for only 24 h, while the cells treated with GL, E1, or E2
showed slower migration and proliferation of cancer cells, acting for up to 72 h, as shown
in Figure 13A.
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Figure 12. Cell viability (% of control) in oral squamous cancer cell (OSCC) lines cells HSC3 I, in a
20-100 pg/ mL concentration range. (A) Cell viability at 24 h for GL, E1, and E2; (B) cell viability at
48 h for GL, E1 and E2 GL, E1 and E2; (C) cell viability at 72 h for GL, E1, and E2. * for p < 0.05 for GL,
E1 and E2 compared with CTRL. Data are presented as mean + SD (1 = 8).
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Figure 13. Migration assay of HSC-3 oral squamous cell carcinoma (OSCC) cells treated with G.
lucidum extract (GL) and biocomposites E1 and E2 (GL-JPC) formulated with different component
ratios. (A) Representative microscopic images from the scratch assay showing wound closure in
treated and untreated (CTRL) HSC-3 cells at 24, 48, and 72 h post-scratch. (B) Confluency rate (%)
of HSC-3 cells illustrating the delay in wound closure following treatment with GL, E1, and E2.
Statistical analysis (ANOVA and ¢-test) revealed significant differences (* p < 0.01) for GL, E1, and E2
compared with CTRL. Data are presented as mean £ SD (n = 8).

3. Discussion

The most common type of oral cancer is oral squamous cell carcinoma (OSCC), as demon-
strated by recent studies conducted by Badwelan et al. (2023) and Muralidharan et al.
(2025) [63,64]. Conventional treatment strategies primarily include surgery, radiotherapy,
and chemotherapy, while more recent approaches incorporate targeted therapy and im-
munotherapy. However, Muralidharan et al. (2025) emphasized that significant challenges
persist, including tumor recurrence, metastasis, and treatment resistance [64]. Zhou et al.
(2025) further noted that current studies often overlook the critical roles of cellular het-
erogeneity, drug resistance mechanisms, and the complex evolutionary trajectories of
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tumor development [65]. Tumor heterogeneity may occur from exposure to environmental
factors—such as tobacco use, HPV infection, and dietary carcinogens—which contribute to
cancer progression and the emergence of distinct cellular subpopulations with unique mu-
tational profiles and therapeutic susceptibilities [65]. Additionally, certain food additives
have been shown to exhibit cytotoxic effects, as reported by Busuricu et al. (2019) [66]. As a
preventive measure, Warnakulasuriya et al. (2021) recommend that potentially malignant
oral lesions (PMOLs), which have an increased risk of developing into cancer of the lips or
oral cavity, be particularly carefully monitored and treated [3].

Several studies have focused on the prevention and management of oral complications
associated with anticancer therapies, as well as on the monitoring and early detection
of local recurrences, secondary tumors, or metastases in patients previously treated for
oral cavity malignancies. Such work includes that of Cheng et al. (2021), Epstein et al.
(2012, 2014), Ho et al. (2013), and Rethman et al. (2010) [11,67-70]. During chemotherapy
or radiotherapy, multiple complications may arise that compromise the integrity of the
mucosal barrier, thereby increasing the risk of systemic infections. Radiotherapy remains
an essential therapeutic modality in cancer management; however, its adverse effects are
considerable and often cumulative, affecting healthy tissues and leading to complications
such as mucosal fibrosis, hyposalivation, and particularly osteoradionecrosis. Chang et al.
(2017) and Reuss et al. (2023) reported that prophylactic interventions performed before
radiotherapy can significantly influence the incidence of maxillary osteoradionecrosis
(ORN) [71,72]. Moreover, Dunnack et al. (2021) demonstrated that alterations in the oral
microbiome, which promote persistent dysbiosis, may facilitate the development of new or
recurrent lesions [73].

Given these limitations of current therapeutic strategies, increasing attention has
been directed toward alternative therapies, such as those based on natural biocomposites
that can support tissue regeneration and help restore microbial balance in the oral cavity.
These emerging therapies hold promise as adjuncts or complements to conventional cancer
treatments, potentially improving both local healing and systemic outcomes.

In this context, innovative biomaterials, such as the bioactive composites developed in
this study—based on collagen and biocomponents from G. lucidum—are an important idea
to consider.

The use of collagen from marine sources for medical use has been emphasized by several
authors, including Cadar et al. (2024), Bechir et al. (2014), and Sirbu et al. (2010) [39,74,75].
Additionally, Cadar et al. (2023a) reported the anticancer effects and mechanisms of action
of G. lucidum biocomposites [21]. The G. lucidum species has been extensively studied for its
antitumor activity across various cancer models, as demonstrated by Camargo et al. (2022),
Deng et al. (2021), and Jeitler et al. (2020) [31,76,77].

The chemical composition of G. lucidum can vary quantitatively depending on factors
such as harvest season, growth stage, geographical origin, and substrate, as reported by
Pascale et al. (2024a, 2024b) [78,79]. In our study, the G. lucidum extract was found
to contain a high proportion of carbohydrates (42.80 £+ 5.53%), followed by proteins
(7.49 £ 0.56%), fibers (2.90 £ 0.01%), and lipids (2.83 £ 0.18%). In comparison, the protein
extract obtained from the jellyfish R. pulmo mainly contained collagen (55.5 = 0.6%).

The formulation of the new biocomposite based on G. lucidum ethanolic extract and
jellyfish (R. pulmo) collagen extract develop a novel composition distinct from the individual
components, resulting from the symbiotic interaction between the bioactive compounds of
both species. This synergy involves the combination of polysaccharides and polyphenols
from G. lucidum with the proteins and polyphenols present in R. pulmo, generating a
material with enhanced biofunctional properties.
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The polysaccharide profile of G. lucidum revealed the presence of maltose
(51.01 £ 0.01 mg/g), fructose (14.55 &+ 0.02 mg/g), glucose (12.91 £ 0.01 mg/g), sucrose
(0.82 £ 0.01 mg/g), and xylose (0.41 & 0.01 mg/g). Among these, maltose was identi-
fied as the predominant sugar, followed by glucose and fructose. Similar findings were
reported by Li et al. (2020) and Liu et al. (2022), who confirmed the presence of glucose
in G. lucidum extracts, while Sui et al. (2016) identified glucose, xylose, and fructose in G.
lucidum polysaccharide fractions [80-82]. Zhong et al. (2024) and Li et al. (2018) further
suggested that variations in the quantitative composition of G. lucidum polysaccharides
may be attributed to differences in cultivation conditions, strain variability, and extraction
techniques, including chromatographic separation methods [83,84].

Collagen peptides extracted from R. pulmo were analyzed by SDS-PAGE, confirming
the presence of type I collagen. This finding is consistent with reports by Pesterau et al.
(2025) and James et al. (2023) [37,57]. Other authors have also reported data on the fungus
R pulmo, such as Addad et al. (2011), Paradiso et al. (2019), and De Domenico et al.
(2019) [85-87]. The structure of collagen was verified using CDS and FT-IR spectroscopic
techniques.

From the study of the amino acid composition, we found that the collagen from R pulmo
we studied contained 16 amino acids, the most abundant of which was Gly. James et al.
(2023) also presented similar results [57].

The analysis of the results regarding the protein content obtained for these two bio-
materials shows that it is substantially higher in R. pulmo extracts (59.48 £ 1.72%) than in
G. lucidum extracts (7.49 £ 0.56%), where it is relatively low. For G. lucidum, Peng et al.
(2024) reported results for amino acid content, which confirm their presence in the fungus
composition [88].

Cadar et al. (2023c) demonstrated that oral tissue regeneration and wound closure
are largely favorized by collagen peptides extracted from R. pulmo, particularly glycine
and hydroxyproline, which play essential roles in tissue repair processes [36]. Similarly,
Ren et al. (2025) reported that amino acids present in G. lucidum contribute significantly
to protein synthesis and exhibit antioxidant and hypoglycemic properties [89]. Moreover,
the same study evidenced the presence of bioactive oligopeptides in G. lucidum with
demonstrated anticancer effects through the induction of apoptosis in cancer cells [89].
The well-documented antitumor and antioxidant properties of G. lucidum have also been
confirmed by Toson et al. (2025), Haleem et al. (2024), and Hsu et al. (2021) [22,30,32].

Comparing the two species, the total polyphenol content of G. lucidum was 35.80 mg
GAE/g DW, whereas for R. pulmo it was 6.58 mg GAE/g WW. The results for G. lucidum
are consistent with data reported by Rahman et al. (2020), Sheikh et al. (2015), and Wu et al.
(2015) [46,90,91]. The TPC value for R. pulmo collagen extract was comparable to the find-
ings of Leone et al. (2015) [51]. For G. lucidum, the TFC was similar to that reported by
Gasecka et al. (2020) [58]. These results indicate that G. lucidum contains a significantly
higher concentration of phenolic compounds than R. pulmo, supporting its superior antioxi-
dant potential. Recent investigations by Pascale et al. (2024a) have likewise emphasized G.
lucidum as a plentiful source of secondary metabolites with potent biological activity [78].

In total, nine individual polyphenols were identified in the G. lucidum extract, while
three were identified in the R. pulmo extract. Among the compounds found in G. lu-
cidum, gallic acid was the most abundant phenolic acid, in agreement with the findings of
Veljovié et al. (2017) [92].

The results of the macroscopic and microscopic analyses were influenced both by the
intrinsic characteristics of the individual ingredients and by the formulation parameters,
specifically, the ratios between the G. lucidum extract and the collagen peptides extracted
from the jellyfish R. pulmo. The final formulations demonstrated distinct organoleptic
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and structural characteristics. The color intensity of the GL-JPC biocomposites increased
proportionally with the concentration of fungal extract.

Microscopic analysis revealed a progressive interaction between the plant and marine
extracts at the initial stage of mixing (time 0), which evolved toward a uniform and well-
integrated composite structure. Rheological characterization of both formulations—E1
(GL-JPC) and E2 (GL-JPC)—showed pH values of 6.8 and 6.7, respectively. The rheological
profiles confirmed their suitability for pharmaceutical applications. It was observed that
the formulated hydrogels retained their structural and rheological properties over time,
exhibiting flow behavior according to the Ostwald—de Waele rheological model (power
law) with the presentation of hysteresis loops. These findings are in accordance with
previously reported studies describing similar rheological behavior in hydrogels formulated
with plant-derived materials and marine collagen, as reported by Cherim et al. (2019)
and Cadar et al. (2019b) [35,93]. Comparable results for viscous formulations based on
marine collagen were also documented by Cherim et al. (2019), Pesterau et al. (2025), and
Sirbu et al. (2010) [35,37,75].

The antimicrobial activity of G. lucidum (GL), jellyfish collagen peptides (JPC), and the
biocomposite E2 (GL-JPC) was evaluated using the agar diffusion method against common
oral pathogens. The results showed that against S. mutans, an inhibition zone of 18 £ 0.5 mm
was observed. For the biocomposite E2 (GL-JPC), it was slightly smaller than that obtained
for GL (20 £ 0.5 mm) but significantly higher than JPC alone (10 &£ 0.2 mm). The second
most sensitive strain was S. aureus, with inhibition zones of 17 + 0.2 mm for E2 (GL-JPC),
19 £+ 0.5 mm for GL, and 11 4 0.3 mm for JPC. For C. albicans, the inhibition zones were
17 £+ 0.2 mm for E2 (GL-JPC), 18 + 0.5 mm for GL, and 10 £ 0.5 mm for JPC. The antimicro-
bial activity of G. lucidum extracts against various bacterial strains has also been described
by Karunarathna et al. (2025), Ahmad et al. (2024), Hoque et al. (2015), Avci et al. (2014),
and Kamra et al. (2012) [94-98].

The antimicrobial activity of the three samples revealed differences between the
individual compounds and the formulated biocomposite, E2 (GL-JPC). The biocomposite
had an intermediate antimicrobial response, while GL responded best to the inhibition of
pathogenic strains and JPC showed modest antimicrobial activity, indicating an additive
effect of the two compounds rather than a strong synergistic effect.

Simoes et al. (2018) emphasized that for formulations intended for application in the
oral cavity, particularly on wounds or mucosal surfaces, the evaluation of antimicrobial
properties is essential [99]. Pesterau et al. (2025) noted that differences in bacterial cell mem-
brane structure can influence the antimicrobial response of various bacterial strains [37].
Similarly, Erbiai et al. (2023) reported that S. aureus exhibits higher sensitivity to G. lucidum
extracts compared to C. albicans [100]. Mojarad et al. (2025) demonstrated a significant
antimicrobial effect of the methanolic extract of G. lucidum against S. mutans, supporting
its potential use in oral care applications [101]. Comparable findings were also reported
by Pesterau et al. (2025), Kamra et al. (2012), Parameswari et al. (2024), and Sridhar et al.
(2011) [37,98,102,103].

The different mechanisms of action of the biocomposite can be observed through the
results obtained following the inhibition of pathogenic strains, which is attributed to the
structural and biochemical differences in the bacterial cell envelope. Thus, we mention
that for Gram-positive bacteria that have a thick peptidoglycan layer, E2 and GL had
remarkable antimicrobial activity, and this is justified by the increased permeability of the
cell membrane to phenolic compounds and peptides that can alter its integrity and interfere
with protein synthesis. Gram-negative bacteria may have a relatively lower susceptibility
due to their lipopolysaccharide-rich membrane [37].
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The effectiveness of the E2 (GL-JPC) biocomposite on pathogenic strains may be due
to compounds with antimicrobial activity, such as polyphenolic compounds and sterols,
organic acids, or fatty acids, which are found in the composition of the fungus [100]. The
effectiveness of JPC on some bacterial strains may be due to the presence of collagen-derived
peptides that can exert a weak interactive effect on the membrane, especially against Gram-
positive bacteria [37]. Recent studies have shown that the antimicrobial efficacy of the G.
lucidum mushroom depends heavily on the accessibility of the biocomponents extracted
by different extraction methods and the extraction solvent, as well as the formulation of
G. lucidum-based products [98]. Mojarad et al. (2024) showed that a formulation based
on G. lucidum and nisin has an additive but not synergistic effect on bacterial growth
inhibition, despite the fact that activities in other biological criteria are improved [101]. The
results presented in this study provide initial evidence of the innovative biocomposite’s
antimicrobial activity, but further investigations on a wider range of bacterial strains are
needed to provide a complete characterization of its antimicrobial potential.

The study for antioxidant capacity demonstrated that the new GL-JPC composite
exhibited an antioxidant capacity comparable to that of the GL extract and significantly
superior to that of the JPC collagen peptide extract, as shown in Figures 8C and 9C.
Sirbu et al. (2019b) and Cadar et al. (2019c) reported similar results for marine-derived
bioactive materials, highlighting the essential role of polyphenols and polysaccharides in
determining antioxidant potential [26,104]. The antioxidant capacity of G. lucidum extracts
has been extensively studied by several authors, including Fan et al. (2012), Ma et al. (2013),
and Kang et al. (2019) [105-107]. Furthermore, Cor et al. (2018) demonstrated that the
antioxidant, antimicrobial, and antitumor effects of G. lucidum are predominantly mediated
by terpenoids and polysaccharides [108]. The excess free radicals can damage nucleic acid
bases and amino acid residues in proteins, as demonstrated by Cadar et al. (2023a) [21].
In this context, Hsieh et al. (2011) suggested that bioactive compounds derived from G.
lucidum with antioxidant properties may have chemopreventive actions [109].

Smina et al. (2011a) investigated the antioxidant activity of G. lucidum extracts and
demonstrated their ability to neutralize free radicals within cancer cells [110]. In a sub-
sequent study, Smina et al. (2011b) reported the protective role against radiation due to
triterpenes in G. lucidum [111]. Similarly, Lu et al. (2001, 2003) highlighted the important
role of polysaccharides from G. lucidum in combating ROS [112,113].

Other researchers, such as Lee et al., have shown that hydroxyl radicals and superoxide
anions can be inactivated by a compound with an amino-polysaccharide structure found
in G. lucidum [114]. Furthermore, Xiaoping et al. and Zhao et al. reported that G. lucidum
bioactive compounds improved glutathione peroxidase activity and reduced malondialde-
hyde levels in rats with carcinoma and in mice subjected to y-radiation, supporting their
systemic antioxidant and radioprotective properties [115,116].

The in vitro biological evaluation focused on assessing the cytotoxic effects of the
tested samples: GL, E1 (GL-JPC), and E2 (GL-JPC) on oral squamous cell carcinoma (OSCC)
cell lines, specifically SCC-9 and HSC3, at various concentration ranges. The results
obtained for SCC-9 cells shot at 20 ug/mL showed that the cell viability decreased from
69 to 70% after 24 h to 67-68% after 72 h, while at 1000 ug/mL it dropped from 34 to 35%
at 24 h to 16-18% at 72 h. The confluence rate values for SCC-9 cells were between 53%
(E2) and 60% (GL) after 24 h, increasing to 79% (E2)-85% (GL) after 48 h. For HSC3 cells,
the experiments were conducted in the 20-100 pug/mL concentration range. Cell viability
decreased progressively over the 24-72 h period, from 72 to 70% at 24 h to 62-61% at
72 h for the 20 pg/mL concentration. At 100 ng/mL, viability dropped from 42% (24 h) to
29% (72 h) for extracts containing bioactive compounds. The confluence rate at 24 h ranged
between 66% (E2) and 72% (GL).
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According to the specialized literature, collagen peptides derived from jellyfish also
possess antitumor activity, although their effects are weaker compared to the bioactive
compounds from G. lucidum, as demonstrated by Prommasith et al. (2024) and Khalil et al.
(2022) in studies using collagen hydrolysates on different tumor cell lines [117,118].

Other authors have also shown that the biocomponents in G. lucidum have antitumor
activity. The cytotoxic effect of the ethanolic extract of G. lucidum was studied by Dwiand-
hono et al. (2020) on KB CCL-17 oral tumor cell lines, with a marked reduction in cell
viability at higher concentrations (1000 ug/mL) and an ICsy value of 8.49 pg/mL [119].
Similarly, Camargo et al. (2022) investigated the antitumor potential of polysaccharide
fractions extracted from G. lucidum on SCC-9 tongue carcinoma cells and demonstrated a
concentration-dependent cytotoxicity in the range of 0.01-15 mg/mL, with cell viability
dropping below 50% at 15 mg/mL [31]. In a subsequent study, Camargo et al. (2023)
evaluated G. lucidum polysaccharides (5 mg/mL and 10 mg/mL) in combination with
fluorouracil and observed a significant reduction in cell viability at 10% biocompound
concentration [62]. Comparable results were reported by You et al. (2012) for G. lucidum
extracts tested on HSC3 oral cancer cells, where inhibition of proliferation and migration
was observed [120].

Xu et al. (2023) characterized the HSC3 cell line as originating from human tongue
carcinoma with lymph node metastasis, emphasizing its aggressiveness and suitability
as a model for studying oral cancer progression, cellular motility, and the evaluation
of novel anticancer agents [121]. Kim et al. (2024) conducted in vivo studies on mice
with periodontitis and found that G. lucidum spore oil significantly reduced periodontal
inflammation and minimized alveolar bone loss, associated with decreased MMP-1 and IL-
8 levels [29]. Haleem et al. (2024) demonstrated in vitro antioxidant and antitumor activity
of three different G. lucidum solvent extracts (cold distilled water, acidified water with 0.1 M
HCI, and 70% ethanol) against human oral squamous cell carcinoma (HOSCC) and human
skin squamous cell carcinoma (HSSCC) cell lines. The most pronounced cytotoxicity was
observed with the acidified water extract, particularly against HOSCC cells, and the effect
was both concentration- and time-dependent [30]. Zeng et al. (2020) further confirmed that
G. lucidum polysaccharides exhibit significant antitumor activity against oral squamous cell
carcinoma (OSCC) [33].

In this study, the antitumor activity of the three tested samples was observed on the
SCC9 and HSC3 tumor cell lines. According to the specialized literature, the bioactive con-
stituents involved in the antitumor effect are mainly polyphenolic compounds, triterpenes,
and polysaccharides found in the composition of the mushroom [119]. Dwiandhono et al.
(2020) determined the antitumor activity of the ethanolic extract of G. lucidum compared to
the cisplatin standard, on oral cancer cells KB CLL-17, and the results showed comparable
effects of the extract with those of the standard and suggested a direct inhibition of the
metabolic activity of tumor cells. This effect may be associated with triterpene compounds,
thought to be involved in inducing cell cycle arrest and apoptosis through mitochondrial
pathways, including p53 activation, modulation of the BAX/BCL-2 balance, cytochrome-c
release, and caspase cascade activation [119]. Similarly, the antitumor activity may also be
attributed to the polysaccharides in the mushroom composition, demonstrated by studies
on OSCC tumor lines (SCC9) that determined an antitumor mechanism related to the
functional reprogramming of tumor behavior [31].

More specifically, polysaccharides extracted from the fungal species suppress pro-
liferation, migration, and reduce markers of tumor stem cells, epithelial-mesenchymal
transition, and ABC transport, and they also induce cellular senescence without triggering
apoptosis [31]. These findings indicate that G. lucidum possesses remarkable antitumor
effects on tumor cells taken from the oral cavity through multiple mechanisms, dependent
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on the extracted compounds, and, at the same time, support the use of G. lucidum extracts as
a source of bioactive compounds with antitumor potential in oral squamous cell carcinoma
models. This preliminary in vitro study demonstrates that the new biocomposite exhibits
measurable, dose-dependent cytotoxic activity.

This study has several limitations that should be acknowledged. First, the biological
evaluations were restricted to in vitro assays using OSCC cell lines, without comparison to
healthy oral cells, which limits conclusions regarding therapeutic selectivity. Second, the
antimicrobial synergy observed against Staphylococcus aureus was identified in a limited
experimental context and requires further validation and mechanistic exploration. Third,
no in vivo studies were conducted to assess biocompatibility, biodistribution, or long-
term safety. Despite these limitations, the results provide a structured basis for future
investigations aimed at optimizing the formulation, elucidating mechanisms of action, and
evaluating clinical relevance.

4. Materials and Methods

The fungal species G. lucidum and the jellyfish species R. pulmo were the natural re-
sources used to obtain a novel biocomposite to be used as a potential alternative therapeutic
agent for oral squamous cell carcinoma (OSCC). Both species were collected from distinct
Romanian ecosystems. G. lucidum fruiting bodies were harvested from the mountainous
region near Bistrita-Nasdud, Romania. The R. pulmo jellyfish originate from the waters of
the Black Sea, more precisely from the coast of Constanta City.

4.1. Chemical Reagents

Specific reagents were employed for each experimental method and processing step.
All reagents and controls were of analytical grade. The reagents for the SDS-PAGE analysis
were obtained from Bio-Rad Laboratories (Hercules, CA, USA). All other reagents were
purchased from Sigma-Aldrich (Darmstadt, Germany) and Merck KGaA (Darmstadt,
Germany). Standards used for the determination of amino acids and of polyphenols
were also obtained from Sigma-Aldrich (Saint Louis, MO, USA). All materials used in the
antimicrobial study were donated by the Veterinary and Food Safety Directorate, Constanta,
Romania. The line SCC-9 cells were obtained from ATCC (New York, NY, USA), while
HSCS3 cells were purchased from Merck KGaA (Darmstadt, Hessen, Germany). For cell
activation, SCC-9 and HSC3 cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM; Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal
bovine serum (FBS; Thermo Fisher Scientific, Waltham, MA, USA) and 1% penicillin—
streptomycin (Thermo Fisher Scientific, Waltham, MA, USA).

4.2. Preparation of Extracts
4.2.1. G. lucidum Extracts

The protocol described by Pascale et al. (2024a, 2024b) and Cadar et al. (2019b) was
followed with minor modifications to obtain the G. lucidum extracts [78,79,93]. For aqueous
extraction, the hot water extraction (HWE) method was applied. The mushroom fruiting
bodies were thoroughly washed, dried, minced, and subjected to extraction with double-
distilled water under continuous stirring for 24 h. The resulting mixture was filtered to
obtain the G. lucidum aqueous extract.

For alcoholic extraction, a hot extraction procedure was performed using a Soxhlet
apparatus (Fisher Scientific, Leicestershire, UK) with 70% ethanol as the solvent. The
resulting solution was collected as the G. lucidum ethanolic extract (GL). A 10% (w/v)
solution of G. lucidum in 70% ethanol was prepared and stored in tightly sealed amber
containers at 4 °C until further analysis.
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4.2.2. R. pulmo Collagen Extract

Collagen extracts were obtained from R. pulmo specimens collected from the Black
Sea. The samples were first subjected to pretreatment steps consisting of cleaning with
NaCl solution, washing with ultrapure water, and demineralization with 0.5 M EDTA-Na
solution. For collagen extraction, the protocol described by Cadar et al. (2024) was used,
employing the PSC method with 10% (v/v) pepsin at 4 °C [39]. The reagents used for
precipitation were 0.5 M acetic acid; for reprecipitation, 0.5 M NaCl solution; as well as 10%
pepsin solution and ultrapure water. The precipitates were centrifuged for 1 h at 20,000
rpm. A 0.05 M Tris buffer (pH 7.0) was used.

The extraction and subsequent preparation of collagen peptides were performed
following the methodologies described by Felician et al. (2019) [122]. Equation (1) was
used to calculate collagen yield:

weight of extracted collagen (g)
weight of wet jellyfish (g)

Collagen yield (wet)% = x 100 (1)

Collagen was used either in the form of a hydrogel or lyophilized and stored as a
powder for later use. Collagen peptides were obtained using a slightly modified procedure
by Felician et al. (2019) [122]. Moreover, 1 g of collagen (PSC) dissolved in 200 mL of
water was incubated at 37 °C in a water bath. Enzymatic hydrolysis was performed using
collagenase type Il at a 5% (w/w) enzyme-to-substrate ratio for 5 h. After 10 min of heating
at 95 °C, the enzymatic reaction was stopped. The cooled mixture was centrifuged for
30 min at 3000 rpm. Collagen peptides (JPCs) from the supernatant were collected and
stored at 4 °C until further use.

4.3. Formulation of the New Biocomposite Based on G. lucidum and R. pulmo

The formulation of the new biocomposites was carried out following the methods
described by Sirbu et al. (2019b) and Pesterau et al. (2025), with appropriate adaptations
for mixing the plant extract with the marine collagen extract to obtain pharmaceutical
formulations suitable for oral mucosal applications [26,37]. Two formulations were pre-
pared: biocomposite E1 (GL-JPC), consisting of 3/5 (v/v) parts 10% ethanolic G. lucidum
extract and 2/5 (v/v) parts JPC collagenic hydrogel, and biocomposite E2 (GL-JPC),
consisting of 4/5 (v/v) parts 10% ethanolic G. lucidum extract and 1/5 (v/v) parts JPC
collagenic hydrogel.

To obtain the biocomposites, the lyophilized collagen peptides were first brought into
aqueous solution at a pH = 9. The peptide solutions were then combined with the ethanolic
G. lucidum extracts according to the specified ratios. The mixtures were homogenized by
stirring for 30 min at 50 °C and then centrifuged for 15 min at 10,000 rpm. The resulting
biocomposites (E1 and E2) were prepared in hydrogel form and stored at 4 °C until
further analyses.

4.4. Determination of the Proximal Composition and Nutritional Values of the Studied Species

The moisture content (%) and ash content (%) were obtained by applying standardized
AOAC procedures [123]. To obtain the moisture content, the test sample was dried to
constant weight. The ash content was obtained by incineration at 500 °C. The results were
reported as percentages of the initial dry weight.

4.4.1. Biochemical Composition of Fungus G. lucidum

The biochemical composition of G. lucidum (GL) was determined in terms of carbohy-
drate, protein, lipid, and fiber content following the methods described by Peng et al. (2024),
Roy etal. (2015), and Singh et al. (2020), adapted to actual laboratory conditions [88,124,125].
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The analytical approaches were consistent with those previously reported by Cadar et al.
(2019d) [126]. Carbohydrate content was obtained using the procedure of Albalasmeh et al.
(2013) [127]. Mix 1 mL of aqueous carbohydrate solution with 1 mL of 5% (w/w) phenol
and 2.5 mL of concentrated sulfuric acid, and read the absorbance at 490 nm for the new
yellow-orange complex. Reading is performed with a VWR UV-6300 PC double-beam
spectrophotometer (Leuven, Belgium). According to Albalasmeh et al. (2013), a linear
correlation exists between the carbohydrate concentration and the absorbance measured at
490 nm [127].
Equation (2) is the glucose standard calibration curve

y =0.1009x — 0.0024 )

where y is the carbohydrate concentration; x is the absorbance, and R? = 0.992 is the
correlation coefficient of curve.

The protein content was obtained with the Lowry method [128]. The BSA calibration
standard was obtained from PAN Biotech GmbH (Aidenbach, Germany). Absorbance
readings were recorded using a VWR UV-6300 PC double-beam spectrophotometer at
wavelengths of A = 750 nm and A = 500 nm, depending on the protein concentration. The
protein content was calculated using the corresponding standard curve, and the results
were expressed as a percentage of the dry weight of the mushroom. This method was also
applied by Rahman et al. (2020) and Roy et al. (2015) for the determination of crude protein
in G. lucidum [46,124].

Lipid content was determined by Soxhlet extraction using petroleum ether as solvent
for 5 h, following the procedure described by Roy et al. (2015) with gravimetrically
method [124]. The lipid content was calculated as a percentage of the dry weight of
the mushroom.

Fiber content was obtained by the method of Peng et al. (2024), which requires the
removal of fats and soluble components using an acid—alkaline digestion mixture. [88].
The resulting residue was filtered, dried, and weighed. This method was also applied by
Singh et al. (2020) [125]. The fiber content was expressed as a percentage of the dry weight
of the mushroom.

4.4.2. Biochemical Composition of Jellyfish R. pulmo

To determine the biochemical composition of the jellyfish species R. pulmo, the method-
ologies described by Leone et al. (2015) were applied [51]. And the methods of other
researchers, such as D’Ambra et al. (2022) and Migone et al. (2022), were adapted to the
conditions used in the laboratory [53,60]. To obtain the total protein content, the method
of De Domenico et al. (2019) was used, which was based on the method of Bradford
(1976) [87,129].

Protein extraction, hydrolysis, and fractionation were carried out prior to quantifica-
tion. Absorbance readings were performed using an Infinite M200 Quad4 Monochromator
Detection System (Tecan, Médnnedorf, Switzerland). The calibration standard was bovine
serum albumin (BSA). Results were presented as mean £ SD based on three independent
determinations. It is noteworthy that for R. pulmo, the proteins represent the most abundant
class of biochemical compounds.

For lipids, the gravimetric method described by Percy et al. (1981) was used, applied
to 100 mg of sample in a Soxhlet apparatus [130]. The resulting extract was washed with
1% NaCl solution, and the solvent residue was evaporated. The lipid fraction obtained
was weighed. The results were reported as a percentage of the sample mass based on the
average of three independent determinations. The method of Zhang et al. (2014) was used
to obtain carbohydrate content [131]. Protein removal from jellyfish extracts was performed
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using papain and Savag reagent, followed by ethanol precipitation of polysaccharides at
concentrations of 60%, 70%, and 80% (v/v). Polysaccharide extraction from R. pulmo tissue
was carried out at 100 °C for 4 h. The variations in polysaccharide fractions may occur due
to extraction conditions [60]. The final carbohydrate content was expressed as a percentage
(mean =+ SD) based on three independent measurements.

4.5. Identification of Monosaccharide Types of the Polysaccharide Content from G. lucidum

The determination of monosaccharides types of polysaccharides in the composition of
the fungal species G. lucidum was performed using the HPLC-DAD method, adapted from
the method of Li et al. (2020) [80]. For the analyses, an Agilent 1200 HPLC system (Agilent
Technologies, Santa Clara, CA, USA) was used. The HPLC worked with a ChemStation
(Chem 32) data integration software system (Agilent). The retention times (RT, £5D) of the
standard monosaccharides used for quantification were as follows: xylose-0.0967 + 0.025
min, fructose—0.2131 % 0.015 min, glucose—0.5278 £ 0.020 min, sucrose—0.5277 £ 0.015 min,
and maltose—0.6488 1 0.010 min. Polysaccharide identification in G. lucidum was obtained
by comparing the retention times of the standards with those determined for the analyzed
samples under identical HPLC-DAD operating conditions.

Results were expressed as mean + standard deviation (SD) in mg/g dry weight
(DW). Representative chromatograms of both the standard compounds and the identified
monosaccharides in G. lucidum extracts are presented to illustrate peak correspondence and
separation quality.

4.6. Jellyfish R. pulmo General Characterization
4.6.1. SDS-PAGE Analysis

Jellyfish collagen was analyzed by SDS-PAGE. The protocol used is that described
by Pesterau et al. (2025) [37]. This working technique, with some modifications, is also
described by James et al. (2023) [57]. Other researchers, such as De Domenico et al. (2019),
have also reported studies on the SDS-PAGE technique applied to jellyfish collagen [87].
For collagen from various jellyfish, Addad et al. (2011) reported studies performed by
SDS-PAGE analyses [85]. Phosphate buffer was used to work at pH 7.4. A quantity of 10
g of the mixture with phosphate-buffered solution was centrifuged for 5 min and then
subjected to dialysis. The extraction process was followed by heat treatment at 95 °C
to denature the proteins. Laemmli reagent was used to prepare the samples prior to
loading. Electrophoresis was performed for 30 min at 85 V and then 95 V until completion.
The equipment used for electrophoresis was a calibrated GD-800 densitometer (Bio-Rad
Laboratories, Hercules, CA, USA). Quality One software (version 4.6.3, Bio-Rad) was used
for data processing. The resulting protein band profiles of the R. pulmo collagen extract are
presented in Figure 3A.

4.6.2. Circular Dichroism Spectral Analysis

Circular dichroism (CD) spectroscopy applied to collagen from R. pulmo allowed
obtaining data on the secondary and tertiary structures of proteins from collagen extracted
from R. pulmo. The CD spectroscopy method used was that reported by Pesterau et al.
(2025) [37]. Measurements acquired with a Jasco J-810 UV-DC spectrophotometer (Jasco
Corporation, Ishikawamachi, Tokyo, Japan) using quartz cuvettes (path length 0.02 cm).
Spectra were recorded over the 250-195 nm wavelength range, at 25 °C.

The UV-CD spectrum of collagen showed a minimum at 198 nm and a maximum at
214.5 nm, consistent with a preserved secondary structure. CD analysis provides informa-
tion on the protein’s secondary structural elements, confirming the integrity of the collagen
triple helix. The results are presented graphically.
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4.6.3. FT-IR Spectroscopy Analysis of Collagen

The data obtained through FT-IR Spectroscopy allows confirmation of the molecu-
lar structure of collagen by identifying characteristic functional groups. To obtain the
spectra, a Jasco 4200 FT-IR spectrometer (produced by Jasco Corporation, Ishikawamachi,
Tokyo, Japan) was used. The equipment was equipped with Spectra Manager II software.
Moreover, 0.5 M acetic acid was used as a solvent, and potassium bromide was used to
obtain the analysis tablets. Spectra were recorded over the 700-4000 cm~! range, with
an extended instrument range of 350~7800 cm~!. The results are presented graphically
and show information on the characteristic amide bands and other functional groups of
collagen [37].

4.7. Determination of the Amino Acid Composition from R. pulmo

The method applied for determining the amino acid content of R. pulmo collagen was
the one applied by Pesterau et al. (2025) [37]. Eid et al. (2022) also determined amino
acid compositions by chromatographic methods [132]. The amino acid analysis methods
followed the AccQ-Tag protocol (Waters, Milford, MA, USA). The chromatographic method
was applied using HPLC equipment (type 626 LC System, Waters, Milford, MA, USA) [133].
This HPLC chromatograph was equipped with a 474 scanning, fluorescence detector, a
717 Plus autosampler, and Millennium Chromatography Manager software. Chromato-
graphic separation was performed with a binary elution system on a C18 column. Operating
conditions: column temperature of 37 °C; a flow rate of 1 mL/min; fluorescence detection
at A_ex = 250 nm and A_em = 395 nm. Amino acid content was reported as residues per
1000 residues. Comparable methods have been applied to collagen peptides from other
jellyfish species, such as Chrysaora sp. (Barzideh et al., 2014) [133].

4.8. Determination of the Polyphenolic Content
4.8.1. Determination of the Total Phenolic Content (TPC)

TPC was obtained using the method of Sidhu et al. (2019), which is an adaptation of
the Folin—Ciocalteu colorimetric method originally described by Singleton et al. [134,135].
The method was further adapted for G. lucidum by Peng et al. (2024) [88].

A quantity of 1 g of the sample was dissolved in 30 mL of anhydrous ethyl alcohol.
This solution was sonicated under fixed conditions (25 min and 240W). It was transferred
to a volumetric flask and adjusted to 50 mL. The next step consisted of mixing 1 mL of the
filtered solution with 8 mL of double-distilled water and 1 mL of Folin—Ciocalteu reagent.

After 6 min at room temperature, 5 mL of 5% sodium bicarbonate solution was added.
The solution was incubated for 90 min in the dark at room temperature. At 750 nm, the
absorbance was read with an A. Kruss UV-VIS 6500 spectrophotometer. (A. Kriiss Optronic
GmbH, Hamburg, Germany).

TPC was calculated using a gallic acid standard curve with Equation (3)

y = 0.0018x — 0.0578; R = 0.9999 3)

The results for TPC of G. lucidum were reported as ug GAE/g DW. All measurements
were performed in triplicate. The TPC of R. pulmo (JPC) was also obtained using the Folin—
Ciocalteu method. For the jellyfish collagen extracts, the same procedure was applied,
with the exception that the calibration curve used for quantification corresponded to
Equation (4):

y = 0.0067x — 0.029; R* = 0.9998 4)

Results were reported as pg GAE/g DW of JPC and represent the average of three
successive determinations. Results were consistent with data reported by Leone et al.
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(2019) [51]. There were also Stabili et al. (2021) who reported data referring to TPC from
jellyfish [136].

4.8.2. Determination of the Total Flavonoid Content (TFC) from G. lucidum

To obtain the TFC values, we used the colorimetric method initially proposed by
Chang et al. (2002), which was later adapted for the extract of G. lucidum by Masjedi et al.
(2022) [137,138]. From the hydroalcoholic extract of G. lucidum, 0.5 mL of extract was mixed
with 0.1 mL of 10% AICl; solution, 1.5 mL of methyl alcohol, and 0.1 mL of 1M CH3COOK
solution. After diluting with 2.5 mL of distilled water and incubating for 30 min, the
absorbance was read at 415 nm. A spectrophotometer (Model L800 Aquatic, Germany) was
used. The calibration curve was plotted according to Equation (5).

y = 0.0036x 4 0.0716; R? = 0.9987 )

The flavonoid content was reported as mg QE/DW of the sample. Peng et al. (2024)
also applied this method for G. lucidum [88].

4.8.3. Determination of the Individual Phenolic Compounds by the HPLC-DAD Method

Individual phenolic compounds from G. lucidum and R. pulmo extracts were analyzed
following the methods described by Pesterau et al. (2025) for R. pulmo and Veljovi¢ et al.
(2017) for G. lucidum [37,92]. The HPLC method was applied using Agilent 1200 equipment
(Agilent Technologies, Santa Clara, CA, USA) with an automatic sampler, a quaternary
pump, and a multiple wavelength detector set at 280 nm and 330 nm. A Chem 32 integrator
(Agilent) was used to determine retention times (RT) and peak areas. The retention times
(% SD, min) of the phenolic standards in the G. lucidum extract (0.05 mg/mL) were gallic
acid 3.028 £ 0.025, p-coumaric acid 7.19 =+ 0.019, kaempferol 1.926 + 0.024, chlorogenic
acid 0.691 =+ 0.015, vanillic acid 0.356 + 0.025, 3-methylgallic acid 0.672 £ 0.008, syringic
acid 0.194 £ 0.021, vanillin 0.163 + 0.051, and ellagic acid 0.112 + 0.031.

The phenolic compounds in JPC extracted from R. pulmo showed the following values
for RTs (+ SD) of the standards: caftaric acid 0.469 =+ 0.05, gallic acid 3.0278 +£ 0.025, and
syringic acid 0.194 + 0.03. Individual phenols were determined based on the RT values of
the standards. The results were reported as mean + SD in mg/100 g dry weight (DW) for
G. lucidum and mg/100 g wet weight (WW) for R. pulmo.

4.9. Physicochemical Characteristics of the New Biocomposite
4.9.1. Macroscopic and Microscopic Study

A macroscopic study was conducted to evaluate the organoleptic characteristics of
both the extracts made from raw materials and the new biocomposite formulations. The
G. lucidum extracts were prepared in liquid form at different concentrations, while the R.
pulmo extracts were lyophilized as powders. The biocomposite formulations, E1 (GL-JPC)
and E2 (GL-JPC), were prepared by integrating these two biomaterials. For each extract
and the final formulations, color and general appearance were recorded.

Microscopic analysis of GL-JPC biocomposites was performed using a Nikon Digital
Sight DS-FI2 camera attached to an optical microscope (Nikon Eclipse Imaging System,
Tokyo, Japan). Formalin-fixed slides were stained with hematoxylin to facilitate structural
observation and assess the uniformity and integrity of the biocomposite components.

4.9.2. Rheological Study

The rheological properties of biocomposite formulations E1 (GL-JPC) and E2 (GL-JPC)
were evaluated to determine the rheological behavior of the new biocomposites. Rheologi-
cal measurements were performed using a Haake VT 550 rheoviscosimeter (Thermo Fisher
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Scientific, Waltham, MA, USA). The device was equipped with sensors for measuring
average viscosity. The data were analyzed using Rheo-Win 4 software. The flow curves
and rheograms obtained were used to determine the rheological model corresponding to
each formulation. Table 9 shows the calculation Equations (6)—(9) used to determine the
rheological parameters.

Table 9. Rheological parameters and equations.

Viscosity I, _Slhefar Speed D Shear Speed D Shear Stre.ss © (Pa)
(cP) Depending on (s~1) in Correlation (s-1) Dependin Depending on
p & with the Selected p & Viscosity n (cP)
Shear Speed D . on Shear Stress T
(s-1) Rotatlc()n S;;eed w (Pa) and Shfarls)peed D
rpm s~
n =f£(D) D=w xR D ={(7) T=nxD
(6) ) (8) ©)

4.10. Antimicrobial Activity

The antimicrobial activity of G. lucidum (GL), R. pulmo collagen peptides (JPC), and
the GL-JPC biocomposite was evaluated against pathogens commonly found in the oral
cavity. The following bacteria were studied: Gram-negative bacteria: P. aeruginosa (ATCC
27853), E. coli (ATCC 25922), and P. mirabilis (ATCC 25933); Gram-positive bacteria: S.
mutans (ATCC 25175), S. aureus (ATCC 25923), and the fungal species C. albicans (ATCC
10231). The composition of the culture medium is as follows: mix 20 g agar with 3 g beef
extract, 5 g peptone, 5 g NaCl in 1 L of distilled water. The culture medium for bacteria
was prepared at 37 °C, and a pH of 7.2-7.4 was ensured. To obtain continuous and uniform
cultures, the bacterial suspensions were seeded on plates. The antimicrobial activity was
determined using a modified Kirby-Bauer diffusion method, and the inhibition zones were
measured in triplicate [102]. Ethanol served as a negative control, and amoxicillin as a
positive control. Minimum inhibitory concentrations (MICs) were determined using the
broth dilution method as described by Tajbakhsh et al. (2011) [139].

Results are reported as the mean & SD of three independent determinations.

4.11. Antioxidant Activity

Antioxidant activity was determined by the DPPH and reducing power assays.

4.11.1. DPPH Method

In assessing antioxidant capacity using the DPPH test, which was performed according
to the protocol of Brand et al. (1995) [140]. First, a 1 M DPPH stock solution was prepared.
For measurements, 4 mL of DPPH solution was added to 1.5 mL of samples of different
concentrations. After 40 min of incubation in the dark, the absorbance was read with a
UV-VIS spectrophotometer (A. Kruss UV-VIS 6500, Optronic, Germany) at 517 nm. To
obtain the antioxidant activity, we used Equation (10):

A —A
DPPH (%) _ control sample % 100 (10)
Acontrol

Acontrol and Agample were the absorbance of the control and the analyzed sample,
respectively.

The control solution was ascorbic acid. The DPPH test was applied both for G. lucidum
and R. pulmo, but also for the new biocomposite formed by ethanolic extract E2 (GL-JPC).
IC50 values were determined using nonlinear regression curves. The antioxidant activity is
reported as the mean of three determinations + SD.
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4.11.2. Reducing Power Assay

The antioxidant activity of G. lucidum, R. pulmo, and biocomposite E2 (GL-JPC) was as-
sessed based on the reducing power assay, which measures their ability to donate electrons
and reduce free radicals, as described by Pesterau et al. (2025) and Hsu et al. (2003) [37,141].
The method followed the protocol of Cadar et al. (2019¢) [104].

Briefly, 1% potassium ferricyanide phosphate-buffered solution is added to each test
sample (ImL) and incubated for 30 min at a warm temperature. The reaction was stopped
by adding 2 mL of 10% trichloroacetic acid. Then dilution was performed with double-
distilled water, and 2 mL of 0.1% ferric chloride solution was added. Absorbance readings
were taken with a UV-VIS spectrophotometer (A. Kruss UV-VIS 6500, Optronic, Germany)
at 700 nm. The working standard was ascorbic acid. All samples were tested at identical
conditions and concentrations, and the results were reported as the mean + standard
deviation (SD) of three independent determinations.

4.12. Biological Evaluation
4.12.1. Cell Viability for SCC-9 and HSC3 Cell Lines

The cytotoxic activity was evaluated in vitro by assessing cell viability on two oral
squamous cell carcinoma (OSCC) lines: SCC-9 and HSC3 cells. The experiments were con-
ducted at the Faculty of Dental Medicine, Titus Maiorescu University, Bucharest, Romania,
and at the “Sf. Ap. Andrei”, County Clinical Emergency Hospital, Constanta, Romania.
The protocol was adapted from Camargo et al. (2022) and Dwiandhono et al. (2020) to suit
the current working conditions [31,119].

The cells were centrifuged at 1200 rpm for 10 min, after which fresh DMEM was added
to the pellet. After incubating for 20 min, the suspension was centrifuged again under
the same conditions. The resulting cell suspension was supplemented with 20% FBS and
incubated at 37 °C. The work was carried out in a 5% CO, atmosphere.

Test solutions containing 2 mL of G. lucidum (GL) extract, biocomposites E1 (GL-JPC)
or E2 (GL-JPC), and 1 mL of DMEM were followed by serial dilutions ranging from 20 to
1000 pug/mL for SCC-9 cells and from 20 to 100 pg/mL for HSC3 cells.

After reaching approximately 80% confluence, the cells were washed with PBS solution
and detached using trypsin-EDTA. The detached cells were centrifuged at 1200 rpm for 10
min at 37 °C and seeded into microplates with wells. After 24 h of incubation, MTT reagent
was added to the cells at a concentration of 5 mg/mL. The plates were incubated again in
the dark at room temperature for 24 h.

Following MTT treatment, cells were exposed to GL, E1 (GL-JPC), or E2 (GL-JPC) at
the specified concentrations for 72 h. Absorbance was read at 550 nm using a multimode
microplate reader (BioTek 800/TS, Thermo Scientific, Waltham, MA, USA). Low absorbance
values corresponded to decreased cell proliferation. Positive control (CTRL") consisted of
cells treated with distilled water to induce cell death, while untreated cells (CTRL) were
considered 100% viable. All assays were performed in triplicate across n = 8 independent
experiments, and results were expressed as percentages of cell viability.

4.12.2. Scratch Test on SCC-9 and HSC3 Cell Lines

The scratch assay was performed to evaluate cell migration and wound closure in vitro,
following the methods described by Camargo et al. (2022, 2023) with slight modifica-
tions [31,62]. SCC-9 and HSC3 cells were seeded in well plates using complete culture
medium and incubated for 12 h to allow cell adhesion. After initial incubation, the culture
medium was replaced with DMEM/F-12 (Fisher Scientific, Leicestershire, UK) supple-
mented with 0.5% fetal bovine serum, and cells were incubated for an additional 12 h to
reach complete confluence under standard conditions (37 °C, 5% CO,). After reaching
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confluence, a linear scratch was made in the center of each well. The wells were then
washed with PBS to remove detached cells, and then the sample was added to each well.
Untreated culture medium was used as the control. Cell migration and wound healing
were monitored by capturing micrographic images at 0, 24, 48, and 72 h post-scratch using
a Nikon Eclipse Ts2R microscope. Images were analyzed with Image] software (version
1.54, NIH, Bethesda, MD, USA). The confluence rate, representing the percentage of lesion
closure, is expressed as the difference between the closure of the treated area and the total
cell-free area immediately after scratching. The results were calculated with Equation (11),
as follows: AreaTo — Area T

Confluency rate(%) = AreaT x 100 (11)
0

where the areas were for the initial times T and the final time T for each reading.

All assays were performed in triplicate for n = 8 independent experiments with distinct
cell passages and were analyzed for each wound.

4.13. Statistical Methods

Statistical analysis of experimental data was performed using SPSS 16.0 software.
The test parameters applied were those used by one-way ANOVA, Student’s ¢-test, and
Duncan’s multiple range test to evaluate differences in the chemical composition, properties,
and characteristics of the studied samples (GL, E1 (GL-JPC), and E2 (GL-JPC). Statistical
significance was set at p < 0.05 for most analyses, and p < 0.01 for selected parameters.

5. Conclusions

In the actual context, products from natural sources represent a promising research
direction based on their rich composition of bioactive compounds with antitumor, antiox-
idant, and antimicrobial properties. This study constitutes a preliminary investigation,
the first stage in evaluating a new formulation for oral cancer treatment, and is part of a
broader project focused on developing biomaterials from natural extracts for therapeutic
applications. The innovative aspect of this research lies in the development of a novel
biocomposite combining two natural sources: the fungal extract from G. lucidum and the
marine collagen extract from R. pulmo. This combination demonstrated promising in vitro
anticancer activity. The research emphasizes thorough physicochemical characterization
of each component, as well as the final composites (E1 (GL-JPC) and E2 (GL-JPC)), which
evidenced their rheological properties, bioactive profiles, and key compounds such as
amino acids, phenolics, and polysaccharides, which collectively contribute to the observed
antitumor, antioxidant, and antimicrobial activities of the new biocomposite.

In vitro evaluation on oral cavity tumor cells demonstrated that the formulations
GL, E1 (GL-JPC), and E2 (GL-JPC) induced a significant dose-dependent reduction in cell
viability. These results support the hypothesis that polysaccharides, polyphenols, and other
bioactive compounds such as terpenes from G. lucidum, combined with collagen peptides
from R. pulmo, exert a synergistic effect with notable antitumor activity. However, further
in vitro studies on additional tumor cell lines, as well as in vivo investigations, are neces-
sary completely explicate the pharmacokinetics, mechanisms of action, biodegradation
processes, and cellular interactions of the new formulation. For future practical applica-
tions, extensive studies are required to address potential uncertainties related to extraction
efficiency, structural variability, and cytotoxicity, which could affect the development of
novel therapeutic solutions. Moreover, coordinated strategies at the European level are
crucial to support sustainable jellyfish harvesting and cultivation of medicinal G. lucidum
as sources of natural bioactive compounds for biomedical applications. Optimizing extrac-
tion processes, ensuring reproducibility, and developing sterile and stable biocomposite
formulations are fundamental steps for future clinical applicability.

https://doi.org/10.3390/ph19010108


https://doi.org/10.3390/ph19010108

Pharmaceuticals 2026, 19, 108 36 of 42

In conclusion, fungal extracts and marine collagen from jellyfish represent a promis-
ing direction for the development of innovative complementary oncological therapies.
These biocomposites, through the synergistic action of their active biocompounds, pro-
vide a strong foundation for future in vivo studies and for the validation of their
antitumor potential.
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Abbreviations

The following abbreviations are used in this manuscript:

GL Ganoderma lucidum

HWE Hot Water Extract

EDTA-Na  Ethylene Diamine Tetra acetic Acid Sodium Salt
BSA Bovine Serum Albumin

CD Circular Dichroism

HPLC High-Performance Liquid Chromatography

RT Retention Time

AOAC Association of Official Analytical Chemists

JPC Jellyfish-derived Collagen Peptides

SDS-PAGE  Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis
FT-IR Fourier-Transform Infrared Spectroscopy

PSC Pepsin-Soluble Collagen

TPC Total Phenolic Compounds

TFC Total Flavonoid Content

GAE Gallic Acid

QE Quercetin

DPPH o-Difenil-f3-Picrilhidrazil

MIC Minimum Inhibitory Concentration

MTT 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
DMEM Dulbecco’s Modified Eagle Medium

FBS Fetal Bovine Serum

osccC Oral Squamous Cancer Cells

https://doi.org/10.3390/ph19010108


https://doi.org/10.3390/ph19010108

Pharmaceuticals 2026, 19, 108 37 of 42

References

1. Peres, M.A.; Macpherson, L.M.D.; Weyant, R.].; Daly, B.; Venturelli, R.; Mathur, M.R.; Listl, S.; Celeste, R K.; Guarnizo-Herrefio,
C.C.; Kearns, C.; et al. Oral diseases: A global public health challenge. Lancet 2019, 394, 249-260. [CrossRef] [PubMed]

2. Abed, H.; Damien Reilly, D.; Burke, M.; Blanaid Daly, B. Patients with head and neck cancers’ oral health knowledge, oral
health-related quality of life, oral health status, and adherence to advice on discharge to primary dental care: A prospective
observational study. Spec. Care Dentristy 2019, 39, 593-602. [CrossRef]

3. Warnakulasuriya, S.; Kujan, O.; Aguirre-Urizar, ].M.; Bagan, ].V.; Gonzdalez-Moles, M.A.; Kerr, AR,; Lodi, G.; Mello, EW.;
Monteiro, L.; Ogden, G.R,; et al. Oral potentially malignant disorders: A consensus report from an international seminar on
nomenclature and classification, convened by the WHO Collaborating Centre for Oral Cancer. Oral Dis. 2020, 27, 1862-1880.
[CrossRef] [PubMed]

4. Sung, H,; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer | Clin. 2021, 71, 209-249. [CrossRef]

5. Gazdzicka, ].; Golabek, K.; Strzelczyk, J.K. Epigenetic Modifications in Head and Neck Cancer. Biochem. Genet. 2020, 58, 213-244.
[CrossRef]

6. Wan, Y,; Liu, H.; Zhang, M.; Huang, X.; Zhou, H.; Zhu, Y. Prognostic value of epithelial-mesenchymal transition-inducing
transcription factors in head and necksquamous cell carcinoma: A meta-analysis. Heak Neack 2020, 42, 1067-1076. [CrossRef]

7. Bugshan, A ; Farooq, I. Oral squamous cell carcinoma: Metastasis, potentially associated malignant disorders, etiology and recent
advancements in diagnosis approved. F1000Research 2020, 9, 229. [CrossRef]

8. Jung, AR, Jung, C.H.; Noh, ] K; Lee, Y.C.; Eun, Y.G. Epithelial-mesenchymal transition gene signature is associated with
prognosis and tumor microenvironment in head and neck squamous cell carcinoma. Sci. Rep. 2020, 10, 3652. [CrossRef] [PubMed]

9.  Sato, K; Hayashi, Y.; Watanabe, K.; Yoshimi, R.; Hibi, H. Concurrent chemoradiotherapy with intravenous cisplatin and docetaxel
for advanced oral cancer. Nagoya J. Med. Sci. 2019, 8, 407-414. [CrossRef]

10.  Ghosh, S. Cisplatin: The first metal based anticancer drug. Bioorg. Chem. 2019, 88, 102925. [CrossRef]

11.  Cheng, Y,; Li, S.; Gao, L.; Zhi, K.; Ren, W. The Molecular Basis and Therapeutic Aspects of Cisplatin Resistance in Oral Squamous
Cell Carcinoma. Front. Oncol. 2021, 11, 761379. [CrossRef]

12. Ezzat, Y.E.; Sharka, RM.; Huzaimi, A.A.; Zahrani, K.M.; Abed, H.H. The role of exercise therapy in managing post-radiotherapy
trismus in head and neck cancer. J. Taibah Univ. Med. Sci. 2021, 16, 127-133. [CrossRef]

13. Bharadwaj, R.; Sahu, R.B.; Haloi, ].; Laloo, D.; Barooah, P.; Keppen, C.; Deka, M.; Medhi, S. Combinatorial therapeutic approach
for treatment of oral squamous cell carcinoma. Artif. Cells Nanomed. Biotechnol. 2019, 47, 572-585. [CrossRef]

14. Zhang, M,; Liang, J.; Yang, Y.; Liang, H.; Jia, H.; Li, D. Current trends of targeted drug delivery for oral cancer therapy. Front.
Bioeng. Biotechnol. 2020, 8, 618931. [CrossRef]

15.  Wong, T.; Wiesenfeld, D. Oral Cancer. Aust. Dent. J. 2018, 63, 591-S99. [CrossRef]

16. Khalil, A.; Jameson, M.]. The EGFR inhibitor gefitinib enhanced the response of human oral squamous cell carcinoma to cisplatin
In Vitro. Drugs R.D. 2017, 17, 545-555. [CrossRef]

17. Imran, M.; Abdur Rauf, A.; Abu-Izneid, T.; Nadeem, M.; Shariati, M.A.; Khan, I.A.; Imran, A.; Orhan, LE.; Rizwan, M.; Atif, M.;
et al. Luteolin, a flavonoid, as an anticancer agent: A review. Biomed. Pharmacother. 2019, 112, 108612. [CrossRef]

18. Nazhvani, A.D.; Sarafraz, N.; Askari, F,; Heidari, F.; Razmkhah, M. Anti-cancer effects of traditional medicinal herbs on oral
squamous cell carcinoma. Asian Pac. ]. Cancer Prev. 2020, 21, 479-484. [CrossRef] [PubMed]

19. Ma, C,; Zhuang, Z.; Su, Q.; He, J.; Li, H. Curcumin Has Anti-Proliferative and Pro-Apoptotic Effects on Tongue Cancer in vitro: A
Study with Bioinformatics Analysis and In Vitro Experiments. Drug Des. Dev. Ther. 2020, 14, 509-518. [CrossRef] [PubMed]

20. Billi, M,; Pagano, S.; Pancrazi, G.S.; Valenti, C.; Bruscoli, S.; Michele, A.; Febo, M.; Grignani, F.; Marinucci, L. DNA damage and
cell death in human oral squamous cell carcinoma cells: The potential biological offects of cannabidiol. Arch. Og. Oral. Biol. 2025,
169, 106110. [CrossRef] [PubMed]

21. Cadar, E.; Negreanu-Pirjol, T.; Pascale, C.; Sirbu, R.; Prasacu, I.; Negreanu-Pirjol, B.-S.; Tomescu, C.L.; Ionescu, A.-M. Natural Bio-
Compounds from Ganoderma lucidum and Their Beneficial Biological Actions for Anticancer Application: A Review. Antioxidants
2023, 12, 1907. [CrossRef]

22. Toson, E.A.; El-Fallal, A.A.; Oransa, M.A. In Vitro antitumor effects of methanolic extracts of three Ganoderema mushrooms. Sci.
Rep. 2025, 15, 2274. [CrossRef] [PubMed]

23.  Kumar, V,; Yadav, H K. Therapeutic potential of an edible macro-fungus: Ganoderma lucidum (Curtis) P. Karst. Indian. ]. Trad. Know.
2019, 18, 702-713.

24. Bhat, Z.A.; Wani, A.H.; War, ].M.; Bhat, M.Y. Major bioactive properties of Ganoderma polysaccharides: A Review. Asian J. Pharm.
Clin. Res. 2021, 14, 11-24. [CrossRef]

25. Sirbu, R.; Mustafa, A.; Tomescu, A.; Stanciu, G.; Cadar, E. Rheological and Microbiological Study on Bio-Composites with Marine

Chitosan Polymers from Black Sea Stone Crabs used in Medical Therapy of Tissue Regeneration. Mater. Plast. 2019, 56, 148-155.
[CrossRef]

https://doi.org/10.3390/ph19010108


https://doi.org/10.1016/S0140-6736(19)31146-8
https://www.ncbi.nlm.nih.gov/pubmed/31327369
https://doi.org/10.1111/scd.12418
https://doi.org/10.1111/odi.13704
https://www.ncbi.nlm.nih.gov/pubmed/33128420
https://doi.org/10.3322/caac.21660
https://doi.org/10.1007/s10528-019-09941-1
https://doi.org/10.1002/hed.26104
https://doi.org/10.12688/f1000research.22941.1
https://doi.org/10.1038/s41598-020-60707-x
https://www.ncbi.nlm.nih.gov/pubmed/32107458
https://doi.org/10.18999/nagjms.81.3.407
https://doi.org/10.1016/j.bioorg.2019.102925
https://doi.org/10.3389/fonc.2021.761379
https://doi.org/10.1016/j.jtumed.2020.07.005
https://doi.org/10.1080/21691401.2019.1573176
https://doi.org/10.3389/fbioe.2020.618931
https://doi.org/10.1111/adj.12594
https://doi.org/10.1007/s40268-017-0204-x
https://doi.org/10.1016/j.biopha.2019.108612
https://doi.org/10.31557/APJCP.2020.21.2.479
https://www.ncbi.nlm.nih.gov/pubmed/32102527
https://doi.org/10.2147/DDDT.S237830
https://www.ncbi.nlm.nih.gov/pubmed/32099333
https://doi.org/10.1016/j.archoralbio.2024.106110
https://www.ncbi.nlm.nih.gov/pubmed/39426313
https://doi.org/10.3390/antiox12111907
https://doi.org/10.1038/s41598-025-86162-0
https://www.ncbi.nlm.nih.gov/pubmed/39824924
https://doi.org/10.22159/ajpcr.2021.v14i3.40390
https://doi.org/10.37358/MP.19.1.5141
https://doi.org/10.3390/ph19010108

Pharmaceuticals 2026, 19, 108 38 of 42

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

Sirbu, R; Stanciu, G.; Tomescu, A.; Ionescu, A.M.; Cadar, E. Evaluation of Antioxidant and Antimicrobial Activity in Relation to
Total Phenolic Content of Green Algae from Black Sea. Rev. Chim. 2019, 70, 1197-1203. [CrossRef]

Cadar, E.; Negreanu-Pirjol, T.; Sirbu, R.; Dragan, A.-M.L.; Negreanu-Pirjol, B.-S.; Axente, E.R.; Ionescu, A.-M. Biocompounds
from Green Algae of Romanian Black Sea Coast as Potential Nutraceuticals. Processes 2023, 11, 1750. [CrossRef]

Cadar, E.; Popescu, A.; Dragan, A.-M.-L.; Pesterau, A.-M.; Pascale, C.; Anuta, V.; Prasacu, L; Velescu, B.S.; Tomescu, C.L.;
Bogdan-Andreescu, C.F. Bioactive Compounds of Marine Algae and Their Potential Health and Nutraceutical Applications: A
Review. Mar. Drugs 2025, 23, 152. [CrossRef]

Kim, ].H.; Choi, W.Y,; Jeong, S.J.; Park, K.H.; Lee, G.; Kim, M.; Joo, S.C.; Kim, S.; Cho, B.J.; Son, Y.O.; et al. Assessing the therapeutic
potential of Ganoderma lucidum spore oil in alleviating periodontal tissue damage in murine periodontitis model. Appl. Biol. Chem.
2024, 67, 1-12. [CrossRef]

Haleem, A.M.; Taha, M.M.; Ayoub, A.A. Anti-tumor and anti-oxidant effects of Ganoderma lucidum extracts on oral squamous cell
carcinoma and skin squamous cell carcinoma In Vitro. Curr. Issues Pharm. Med. Sci. 2024, 37, 79-84. [CrossRef]

Camargo, M.R; Frazon, T.F,; Inacio, K.K.; Smiderle, ER.; Amor, N.G.; Dionisio, T.].; Santos, C.F.; Rodini, C.O.; Lara, V.S. Ganoderma
lucidum polysaccharides inhibit In Vitro tumorigenesis, cancer stem cell properties and epithelial-mesenchymal transition in oral
squamous cell carcinoma. J. Ethnopharmacol. 2022, 286, 114891. [CrossRef]

Hsu, W.H.; Hua, W.J.; Qiu, W.L,; Tseng, A.].; Cheng, H.C.; Lin, T.Y. WSG, a glucose-enriched polysaccharide from Ganoderma
lucidum, suppresses tongue cancer cells via inhibition of EGFR-mediated signaling and potentiates cisplatin-induced apoptosis.
Int. J. Biol. Macromol. 2021, 193, 1201-1208. [CrossRef]

Zeng, Z.; Xiao, K. Ganoderma lucidum polysaccharide (GLP) inhibited the progression of oral squamous cell carcinoma via the
miR-188/BCL9/ B-catenin pathway. Adv. Polym. Technol. 2020, 2020, 7472314. [CrossRef]

Xu, N,; Peng, X.-L.; Li, H.-R; Liu, J.-X,; Cheng, J.-S.-Y.; Qi, X.-Y,; Ye, S.-].; Gong, H.-L.; Zhao, X.-H.; Yu, ].; et al. Marine-Derived
Collagen as Biomaterials for Human Health. Front. Nutr. 2021, 8, 702108. [CrossRef]

Cherim, M.; Sirbu, R.; Tomescu, A.; Popa, M.E,; Cadar, E. Comparative Studies on the Physico-chemical Characteristics of
Bio-materials with Collagen from Calf and Fish Skins from Black Sea. Mater. Plast. 2019, 56, 179-185. [CrossRef]

Cadar, E.; Pesterau, A.M.; Sirbu, R.; Negreanu-Pirjol, B.S.; Tomescu, C.L. Jellyfishes—Significant Marine Resources with Potential
in the Wound-Healing Process: A Review. Mar. Drugs 2023, 21, 201. [CrossRef]

Pesterau, A.M.; Popescu, A.; Sirbu, R.; Cadar, E.; Busuricu, F; Dragan, A.-M.L.; Pascale, C.; Ionescu, A.-M.; Bogdan-Andreescu,
C.F; Radu, M.-D,; et al. Marine Jellyfish Collagen and Other Bioactive Natural Compounds from the Sea, with Significant
Potential for Wound Healing and Repair Materials. Mar. Drugs 2025, 23, 252. [CrossRef]

Sirbu, R.; Stanciu, G.; Cadar, E.; Tomescu, A.; Cherim, M. Validation of a Quantitative Analysis Method for Collagen Extracted
from Grey Mullet Marine Fish. Rev. De. Chim. 2019, 70, 835-842. [CrossRef]

Cadar, E.; Pesterau, A.-M.; Prasacu, I.; Ionescu, A.-M.; Pascale, C.; Dragan, A.-M.L.; Sirbu, R.; Tomescu, C.L. Marine Antioxidants
from Marine Collagen and Collagen Peptides with Nutraceuticals Applications: A Review. Antioxidants 2024, 13, 919-968.
[CrossRef] [PubMed]

Cherim, M.; Stanciu, G.; Rasit, E.Y.; Cadar, E. Capitalization of marine resources from Black Sea by obtaining and characterizing
collagen from Grey Mullet. |. Sci. Arts 2017, 4, 795-802.

Cadar, E.; Mustafa, A.; Tomescu, A.; Cherim, M. Studies regarding polluting agents in Black Sea algae. J. Sci. Arts 2018, 1, 255-264.
Cadar, E.; Sirbu, R.; Pirjol, B.S.N.; Ionescu, A.M.; Pirjol, T.N. Heavy metals bioaccumulation capacity on marine algae biomass
from Romanian Black Sea Coast. Rev. Chim. 2019, 70, 3065-3072. [CrossRef]

Mirzapour-Kouhdasht, A.; Moosavi-Nasab, M.; Krishnaswamy, K.; Khalesi, M. Optimization of gelatin production from Barred
mackerel by-products: Characterization and hydrolysis using native and commercial proteases. Food Hydrocoll. 2020, 108,
105970-105984. [CrossRef]

Yaghoubzadeh, Z.; Peyravii, G.F.; Kaboosi, H.; Safari, R.; Fattahi, E. Antioxidant activity and anticancer effect of bioactive peptides
from rainbow trout (Oncorhynchus mykiss) skin hydrolysate. Int. ]. Pept. Res. Ther. 2019, 26, 625-632. [CrossRef]

Wali, E; Majid, S.; Rasool, S.; Shehada, S.B.; Abdulkareem, S.K.; Firdous, A.; Beigh, S.; Shakeel, S.; Mushtagq, S.; Akbar, I.; et al.
Natural products against cancer: Review on phytochemicals from marine sources in preventing cancer. Saudi Pharm. J. 2019, 27,
767-777. [CrossRef] [PubMed]

Rahman, M.A.; Al Masud, A.; Lira, N.Y.; Shakil, S. Proximate analysis, phytochemical screening and antioxidant activity of
different strains of Ganoderma lucidum (Reishi Mushroom). Open J. Biol. Sci. 2020, 5, 24-27. [CrossRef]

Pesterau, A.-M.; Sirbu, R.; Cadar, E. Extraction and Method Validation for Collagen Obtained from the Jellyfish Rhizostoma
Pulmo Found on the Romanian Black Sea Coast. Eur. |. Nat. Sci. Med. 2025, 8, 2-18. [CrossRef]

Gharib, M.A.; Radwan, H.A; Elhassaneen, Y.A. Nutrients and Nutraceuticals Content and In Vitro Biological Activities of Reishi
Mushroom (Ganoderma lucidum) Fruiting Bodies. Alex. Sci. Exch. ]. 2022, 43, 301-316. [CrossRef]

https://doi.org/10.3390/ph19010108


https://doi.org/10.37358/RC.19.4.7091
https://doi.org/10.3390/pr11061750
https://doi.org/10.3390/md23040152
https://doi.org/10.1186/s13765-023-00849-4
https://doi.org/10.2478/cipms-2024-0013
https://doi.org/10.1016/j.jep.2021.114891
https://doi.org/10.1016/j.ijbiomac.2021.10.146
https://doi.org/10.1155/2020/7472314
https://doi.org/10.3389/fnut.2021.702108
https://doi.org/10.37358/MP.19.1.5147
https://doi.org/10.3390/md21040201
https://doi.org/10.3390/md23060252
https://doi.org/10.37358/RC.19.3.7016
https://doi.org/10.3390/antiox13080919
https://www.ncbi.nlm.nih.gov/pubmed/39199165
https://doi.org/10.37358/RC.19.8.7489
https://doi.org/10.1016/j.foodhyd.2020.105970
https://doi.org/10.1007/s10989-019-09869-5
https://doi.org/10.1016/j.jsps.2019.04.013
https://www.ncbi.nlm.nih.gov/pubmed/31516319
https://doi.org/10.17352/ojbs.000020
https://doi.org/10.26417/180g2280
https://doi.org/10.21608/asejaiqjsae.2022.245271
https://doi.org/10.3390/ph19010108

Pharmaceuticals 2026, 19, 108 39 of 42

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Taofig, O.; Heleno, S.A.; Calhelha, R.C.; José Alves, M.; Barros, L.; Gonzalez-Paramds, A.M.; Barreiro, M.F,; Ferreira, .C.ER. The
potential of Ganoderma lucidum extracts as bioactive ingredients in topical formulations, beyond its nutritional benefits. Food Chem.
Toxicol. 2017, 108, 139-147. [CrossRef]

El Sheikha, A.F. Nutritional Profile and Health Benefits of Ganoderma lucidum “Lingzhi, Reishi, or Mannentake” as Functional
Foods: Current Scenario and Future Perspectives. Foods 2022, 11, 1030. [CrossRef]

Leone, A.; Lecci, RM.; Durante, M.; Meli, E; Piraino, S. The Bright Side of Gelatinous Blooms: Nutraceutical Value and
Antioxidant Properties of Three Mediterranean. Mar. Drugs 2015, 13, 4654—4681. [CrossRef]

D’Ambra, I.; Malej, A. Scyphomedusae of the Mediterranean: State of the Art and Future Perspectives. Cent. Nerv. Syst. Agents
Med. Chem. 2015, 15, 81-94. [CrossRef]

D’Ambra, I.; Merquiol, L. Jellyfish from Fisheries By-Catches as a Sustainable Source of High-Value Compounds with Biotechno-
logical Applications. Mar. Drugs 2022, 20, 266. [CrossRef]

Belbachir, K.; Noreen, R.; Gouspillou, G.; Petibois, C. Collagen types analysis and differentiation by FTIR spectroscopy. Anal.
Bioanal. Chem. 2009, 395, 829-837. [CrossRef]

Riaz, T.Z.; Rabia, Z.; Faiza, Z.; Kanwal, I.; Nawshad, M.; Sher, Z.S.; Abdur, R.; Rizvi, S.A.A.; Rehman, I.U. FTIR analysis of natural
and synthetic collagen FTIR analysis of natural and synthetic collagen. Appl. Spectrosc. Rev. 2018, 53, 703-746. [CrossRef]
Derkus, B.; Arslan, Y.; Bayrag, T.; Kantarcioglu, I; Emregul, K.; Emregiil, E. Development of a novel aptasensor using jellyfish
collagen as matrix and thrombin detection in blood samples obtained from patients with various neurodisease. Sens. Actuators B
Chem. 2016, 2016, 228. [CrossRef]

James, S.; Tilvi, S.; Khandeparker, R.; Sreepada, R.A.; Thakur, N.; Gauthankar, M. Jellyfish Rhizostoma pulmo collected off Goa
Coast (India) as a rich source of tryptophan containing collagen and its enhanced antioxidant potential. J. Food Sci. Technol. 2023,
60, 2825-2834. [CrossRef]

Gasecka, M.; Mleczek, M.; Siwulski, M.; Niedzielski, P.; Kozak, L. Phenolic and Flavonoid Content in Hericium Erinaceus,
Ganoderma lucidum, and Agrocybe aegerita under Selenium Addition. Acta Alim. 2016, 45, 300-308. [CrossRef]

1SO-10993-1; Biological Evaluation of Medical Devices—Part 1: Evaluation and Testing within a Risk Management Process.
International Organization for Standardisation: Geneva, Switzerland, 2018. Available online: https://www.iso.org/standard /68
936.html (accessed on 24 November 2025).

Migone, C.; Scacciati, N.; Grassiri, B.; De Leo, M.; Braca, A.; Puppi, D.; Zambito, Y.; Piras, A.M. Jellyfish Polysaccharides for
Wound Healing Applications. Int. J. Mol. Sci. 2022, 23, 11491. [CrossRef] [PubMed]

Grada, A.; Otero-Vinas, M.; Prieto-Castrillo, F; Obagi, Z.; Falanga, V. Research Techniques Made Simple: Analysis of Collective
Cell Migration Using the Wound Healing Assay. |. Investig. Dermatol. 2017, 137, 11-16. [CrossRef] [PubMed]

Camargo, M.R.; Inacio, K K.; Frazon, TF,; Amor, N.G.; Corréa, L.E.; Costa, F.C.; Quagliato, E.N.; Rodini, C.O.; Lara, V.S. Ganoderma
lucidum polysaccharides associated with 5-Fluorouracil impair OSCC tumorigenesis In Vitro. Pharmacol. Res. 2023, 9, 100310.
[CrossRef]

Badwelan, M.; Muaddi, H.; Ahmed, A.; Lee, K.T,; Tran, S.D. Oral Squamous Cell Carcinoma and Concomitant Primary Tumors,
What Do We Know? A Review of the Literature. Curr. Oncol. 2023, 30, 721-3734. [CrossRef] [PubMed]

Muralidharan, S.; Nikalje, M.; Subramaniam, T.; Koshy, J.A.; Koshy, A.V.; Bangera, D. A Narrative Review on Oral Squamous Cell
Carcinoma. J. Pharm. Bioallied Sci. 2025, 17, 204-206. [CrossRef] [PubMed]

Zhou, Y.; Wang, L.; Liu, M. Oral squamous cell carcinoma: Insights into cellular heterogeneity, drug resistance, and evolutionary
trajectories. Cell Biol. Toxicol. 2025, 41, 101. [CrossRef]

Busuricu, F; Schroder, V.; Margaritti, D.; Nadolu, D.; Anghel, A.H. Preliminary study regarding sodium benzoate and other food
dyes sinergic action using BSLA citotoxicity test. Sci. Pap. 2019, 1, 410-416.

Epstein, J.B.; Glineri, P; Barasch, A. Appropriate and necessary oral care for people with cancer: Guidance to obtain the right oral
and dental care at the right time. Support. Care Cancer 2014, 22, 1981-1988. [CrossRef]

Epstein, ].B.; Thariat, J.; Bensadoun, R.J.; Barasch, A.; Murphy, B.A.; Kolnick, L.; Popplewell, L.; Maghami, E. Oral complications
of cancer and cancer therapy: From cancer treatment to survivorship. CA Cancer |. Clin. 2012, 62, 400-422. [CrossRef] [PubMed]
Ho, M.W.; Field, E.A; Field, ] K,; Risk, ].M.; Rajlawat, B.P,; Rogers, S.N.; Steele, ].C.; Triantafyllou, A.; Woolgar, J].A.; Lowe, D;
et al. Outcomes of oral squamous cell carcinoma arising from oral epithelial dysplasia: Rationale for monitoring premalignant
oral lesions in a multidisciplinary clinic. Br. J. Oral. Maxillofac. Surg. 2013, 51, 594-599. [CrossRef]

Rethman, M.P,; Carpenter, W.; Cohen, E.E.W.; Epstein, J.; Evans, C.A.; Flaitz, C.M.; Graham, E]J.; Hujoel, PP,; Kalmar, J.R.; Koch,
W.M,; et al. Evidence-based clinical recommendations regarding screening for oral squamous cell carcinomas. . Am. Dent. Assoc.
2010, 141, 509-520. [CrossRef] [PubMed]

Chang, C.T; Liu, S.; Muo, C.; Tsai, C.; Huang, Y. Dental Prophylaxis and Osteoradionecrosis: A Population-Based Study. J. Dent.
Res. 2017, 96, 531-538. [CrossRef]

Reuss, ].M.; Alonso-Gamo, L.; Garcia-Aranda, M.; Reuss, D.; Albi, M.; Albi, B.; Vilaboa, D.; Vilaboa, B. Oral Mucosa in Cancer
Patients—Putting the Pieces Together: A Narrative Review and New Perspectives. Cancers 2023, 15, 3295. [CrossRef] [PubMed]

https://doi.org/10.3390/ph19010108


https://doi.org/10.1016/j.fct.2017.07.051
https://doi.org/10.3390/foods11071030
https://doi.org/10.3390/md13084654
https://doi.org/10.2174/1871524915666150326114733
https://doi.org/10.3390/md20040266
https://doi.org/10.1007/s00216-009-3019-y
https://doi.org/10.1080/05704928.2018.1426595
https://doi.org/10.1016/j.snb.2016.01.095
https://doi.org/10.1007/s13197-023-05800-5
https://doi.org/10.1556/066.2016.45.2.18
https://www.iso.org/standard/68936.html
https://www.iso.org/standard/68936.html
https://doi.org/10.3390/ijms231911491
https://www.ncbi.nlm.nih.gov/pubmed/36232791
https://doi.org/10.1016/j.jid.2016.11.020
https://www.ncbi.nlm.nih.gov/pubmed/28110712
https://doi.org/10.1016/j.prmcm.2023.100310
https://doi.org/10.3390/curroncol30040283
https://www.ncbi.nlm.nih.gov/pubmed/37185396
https://doi.org/10.4103/jpbs.jpbs_593_25
https://www.ncbi.nlm.nih.gov/pubmed/40511239
https://doi.org/10.1007/s10565-025-10048-0
https://doi.org/10.1007/s00520-014-2228-x
https://doi.org/10.3322/caac.21157
https://www.ncbi.nlm.nih.gov/pubmed/22972543
https://doi.org/10.1016/j.bjoms.2013.03.014
https://doi.org/10.14219/jada.archive.2010.0223
https://www.ncbi.nlm.nih.gov/pubmed/20436098
https://doi.org/10.1177/0022034516687282
https://doi.org/10.3390/cancers15133295
https://www.ncbi.nlm.nih.gov/pubmed/37444405
https://doi.org/10.3390/ph19010108

Pharmaceuticals 2026, 19, 108 40 of 42

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Dunnack, H.J.; Judge, M.P; Cong, X.; Salner, A.; Duffy, V.B.; Xu, W. An Integrative Review of the Role of the Oral and Gut
Microbiome in Oral Health Symptomatology During Cancer Therapy. Oncol. Nurs. Forum. 2021, 48, 317-331. [CrossRef] [PubMed]
Bechir, A.; Sirbu, R.; Pacurar, M.; Podariu, A.C.; Monea, M.; Bechir, E.S.; Ghergic, D.L. The Effect of Collagenic Gels with Marine
Algae Extracts Mixtures in the Treatment of Recurrent Aphthous Stomatitis. Rev. Chim. 2014, 65, 362-368.

Sirbu, R.; Zaharia, T.; Maximov, V.; Bechir, A.M.; Maris, M.; Negreanu-Pirjol, B.S.; Artenie Maris, D.; Negreanu-Pirjol, T.; Leca,
M.; Cadar, E. Clean bio-technologies for obtaining new pharmaceutical formulations based on collagen gels and marine algae
extracts for medical applications. JEPE 2010, 11, 654-665.

Deng, Y.; Ma, J.; Zhang, Q. Dynamic biomarkers indicate the immunological benefits provided by Ganoderma spore powder in
post-operative breast and lung cancer patients. Clin. Transl. Oncol. 2021, 23, 1481-1490. [CrossRef]

Jeitler, M.; Michalsen, A.; Frings, D.; Hubner, M.; Fischer, M.; Koppold-Liebscher, D.A. Significance of medicinal mushrooms in
integrative oncology: A narrative review. Front. Pharmacol. 2020, 11, 1-13. [CrossRef]

Pascale, C.; Sirbu, R.; Cadar, E. Study on Nutritional Composition of Fungus Ganoderma lucidum. EJNSM 2024, 7, 107-121.
[CrossRef]

Pascale, C.; Sirbu, R.; Busuricu, F.; Cadar, E. Spectral Analysis and Phytochemical Screening of Ganoderma lucidum Mushroom
Extracts. EJMNS 2024, 8, 42-52. [CrossRef]

Li, J.; Gu, E; Cai, C.; Hu, M.; Fan, L.; Hao, J.; Yu, G. Purification, structural characterization, and immunomodulatory activity of
the polysaccharides from Ganoderma lucidum. Int. ]. Biol. Macromol. 2020, 143, 806-813. [CrossRef]

Liu, G.; Zhang, J.; Kan, Q.; Song, M.; Hou, T.; An, S,; Lin, H.; Chen, H.; Hu, L.; Xian, ]; et al. Extraction, Structural Characterization,
and Immunomodulatory Activity of a High Molecular Weight Polysaccharide From Ganoderma lucidum. Front. Nutr. 2022, 9,
846080. [CrossRef]

Sui, X.C.; Guo, Q.B; Xia, YM.; Cui, S.W.; Shen, ]J.; Zhang, J.; Ding, Z.Y. Structure features of the intracellular polysaccharide
from Ganoderma lucidum and the irrelative immune-anticancer activities of GLPs. Bioacti. Carbohydr. Diet. Fibre. 2016, 8, 43-50.
[CrossRef]

Zhong, Y.; Tan, P;; Lin, H.; Zhang, D.; Chen, X.; Pang, J.; Mu, R. A Review of Ganoderma lucidum Polysaccharide: Preparations,
Structures, Physicochemical Properties and Application. Foods 2024, 13, 2665. [CrossRef] [PubMed]

Li, L.F; Liu, H.B,; Zhang, Q.W,; Li, Z.P; Wong, T.L.; Fung, H.Y.; Zhang, ].X.; Bai, S.P; Lu, A.P; Han, Q.B. Comprehensive
comparison of polysaccharides from Ganoderma lucidum and G. sinense: Chemical, antitumor, immunomodulating and gut-
microbiota modulatory properties. Sci. Rep. 2018, 8, 6172. [CrossRef]

Addad, S.; Exposito, ].Y.; Faye, C.; Ricard-Blum, S.; Lethias, C. Isolation, characterization and biological evaluation of jellyfish
collagen for use in biomedical applications. Mar. Drugs 2011, 9, 967-983. [CrossRef]

Paradiso, F,; Fitzgerald, J.; Yao, S.; Barry, E; Taraballi, F.; Gonzalez, D.; Conlan, R.S.; Francis, L. Marine Collagen Substrates for 2D
and 3D Ovarian cancer Cell Systems. Front. Bioeng. Biotechnol. 2019, 7, 343. [CrossRef] [PubMed]

De Domenico, S.; De Rinaldis, G.; Paulmery, M.; Piraino, S.; Leone, A. Barrel Jellyfish (Rhizostoma pulmo) as Source of Antioxidant
Peptides. Mar. Drugs 2019, 17, 134. [CrossRef]

Peng, G.; Xiong, C.; Zeng, X,; Jin, Y.; Huang, W. Exploring Nutrient Profiles, Phytochemical Composition, and the Antiproliferative
Activity of Ganoderma lucidum and Ganoderma leucocontextum: A Comprehensive Comparative Study. Foods 2024, 13, 614.
[CrossRef]

Ren, S.; Liu, H.; Sang, Q.; Lu, M.; Gao, Q.; Chen, W. A Review of Bioactive Components and Pharmacological Effects of Ganoderma
lucidum. Food Sci. Nutr. 2025, 13, 70623. [CrossRef]

Sheikh, I.A.; Vyas, D.; Lone, R.; Singh, V. Ganoderma lucidum and Trametes hirsuta as Potent Antioxidants in Free Radical Systems
In Vitro. W. J. Pharm. Pharmaceut. Sci. 2015, 4, 1695-1710.

Wu, T.; Xu, B. Antidiabetic and Antioxidant Activities of Eight Medicinal Mushroom Species from China. Int. . Med. Mush. 2015,
17,129-140. [CrossRef]

Veljovi¢, S.; Veljovié, M.; Nikicevi¢, N.; Despotovi¢, S.; Radulovi¢, S.; Niksi¢, M.; Filipovi¢, L. Chemical composition, antiprolifera-
tive and antioxidant activity of differently processed Ganoderma lucidum ethanol extracts. J. Food Sci. Technol. 2017, 54, 1312-1320.
[CrossRef] [PubMed]

Cadar, E.; Erimia, E.M.; Tomescu, C.-L.A. New Formulation with Marine Algae from Black Sea. EJMNS 2019, 2, 69-75. [CrossRef]
Karunarathna, S.C.; Patabendige, N.M.; Hapuarachchi, K.K.; Promputtha, I. Exploring the health benefits of Ganoderma:
Antimicrobial properties and mechanisms of action. Front. Cell. Infect. Microbiol. 2025, 15, 1535246. [CrossRef]

Ahmad, M.F; Alsayegh, A.A.; Ahmad, F.A.; Akhtar, M.S.; Alavudeen, S.S.; Bantun, F.G. lucidum: Insight into antimicrobial and
antioxidant properties with development of secondary metabolites. Heliyon 2024, 10, 25607. [CrossRef] [PubMed]

Hoque, N.; Al-Faysal, A.; Iftekhar, A.; Md, A.; Nargis, C. In Vitro antioxidant, antimicrobial and cytotoxic activities of the various
extracts of Ganoderma lucidum available in Bangladesh. . Pharmacog. Phytochem. 2015, 4, 42—46.

Avci, E.; Avci, A.G.; Kose, D. Determination of Antioxidant and Antimicrobial Activities of Medically Important Mushrooms
Using Different Solvents and Chemical Composition via GC/MS Analyses. J. Food Nutr. Res. 2014, 2, 429-434. [CrossRef]

https://doi.org/10.3390/ph19010108


https://doi.org/10.1188/21.ONF.317-331
https://www.ncbi.nlm.nih.gov/pubmed/33855998
https://doi.org/10.1007/s12094-020-02547-9
https://doi.org/10.3389/fphar.2020.580656
https://doi.org/10.26417/8vv4m781
https://doi.org/10.26417/1br27r37
https://doi.org/10.1016/j.ijbiomac.2019.09.141
https://doi.org/10.3389/fnut.2022.846080
https://doi.org/10.1016/j.bcdf.2016.11.001
https://doi.org/10.3390/foods13172665
https://www.ncbi.nlm.nih.gov/pubmed/39272434
https://doi.org/10.1038/s41598-018-22885-7
https://doi.org/10.3390/md9060967
https://doi.org/10.3389/fbioe.2019.00343
https://www.ncbi.nlm.nih.gov/pubmed/31921795
https://doi.org/10.3390/md17020134
https://doi.org/10.3390/foods13040614
https://doi.org/10.1002/fsn3.70623
https://doi.org/10.1615/IntJMedMushrooms.v17.i2.40
https://doi.org/10.1007/s13197-017-2559-y
https://www.ncbi.nlm.nih.gov/pubmed/28416882
https://doi.org/10.26417/559smu76z
https://doi.org/10.3389/fcimb.2025.1535246
https://doi.org/10.1016/j.heliyon.2024.e25607
https://www.ncbi.nlm.nih.gov/pubmed/38356540
https://doi.org/10.12691/jfnr-2-8-1
https://doi.org/10.3390/ph19010108

Pharmaceuticals 2026, 19, 108 41 of 42

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Kamra, A.; Bhatt, A.B. Evaluation of antimicrobial and antioxidant activity of Ganoderma lucidum extracts against human
pathogenic bacteria. Int. . Pharm. Pharm. Sci. 2012, 4, 359-362.

Simoées, D.; Miguel, S.P,; Ribeiro, M.P,; Coutinho, P.; Mendonga, A.G.; Correia, 1.]. Recent advances on antimicrobial wound
dressing: A review. Eur. |. Pharm. Biopharm. 2018, 127, 130-141. [CrossRef]

Erbiai, E.H.; Amina, B.; Kaoutar, A.; Saidi, R.; Lamrani, Z.; Pinto, E.; Esteves da Silva, ].C.G.; Maouni, A.; Pinto da Silva, L.
Chemical Characterization and Evaluation of Antimicrobial Properties of the Wild Medicinal Mushroom Ganoderma lucidum
Growing in Northern Moroccan Forests. Life 2023, 13, 1217. [CrossRef]

Mojarad, E; Alikhani, M.Y.; Daneshyar, F.; Abedi Firouzjaei, D. An Investigation of the Antibiofilm and Antibacterial Effects of
Ganoderma Lucidum and Nisin Compared with Chlorhexidine Mouthwash on Streptococcus Mutans. J. Babol Univ. Med. Sci. 2025, 27, 37.
Parameswari, B.D.; Rajakumar, M.; Hariharam, A.; Kumar, S.; Mohamed, K; Ballal, S. Green Synthesis of Ganoderma Lucidum-
Mediated Silver Nanoparticles and its Microbial Activity against Oral Pathogenic Microbes: An In Vitro Study. J. Pharm. Bioall.
Sci. 2024, 16, 1456-1460. [CrossRef]

Sridhar, S.; Sivaprakasam, E.; Balakumar, R.; Kavitha, D. Evaluation of antibacterial and antifungal activity of Ganoderma lucidum
(curtis) p. karst fruit bodies extracts. World J. Sci. Technol. 2011, 1, 08-11.

Cadar, E.; Sirbu, R; Ibram, A.; Ionescu, A.M. Evaluation of Total Phenolic Content in Relation to Antioxidant Activity of Brown
Algae Cystoseira barbata from Black Sea. Rev. Chim. 2019, 70, 2684-2689. [CrossRef]

Fan, L,; Li, J.; Deng, K.; Ai, L. Effects of drying methods on the antioxidant activities of polysaccharides extracted from Ganoderma
lucidum. Carbohydr. Polym. 2012, 87, 1849-1854. [CrossRef]

Ma, C.-W,; Feng, M.; Zhai, X.; Hu, M.; You, L.; Luo, W.; Zhao, M. Optimization for the extraction of polysaccharides from
Ganoderma lucidum and their antioxidant and antiproliferative activities. J. Taiwan. Inst. Chem. Eng. 2013, 44, 886-894. [CrossRef]
Kang, Q.; Chen, S.; Li, S.; Wang, B.; Liu, X,; Hao, L.; Lu, J. Comparison on characterization and antioxidant activity of
polysaccharides from Ganoderma lucidum by ultrasound and conventional extraction. Int. J. Biol. Macromol. 2019, 124, 1137-1144.
[CrossRef] [PubMed]

Cor, D.; Knez, Z.; Knez Hrncic, M. Antitumour, Antimicrobial, Antioxidant and Antiacetylcholinesterase Effect of Ganoderma
Lucidum Terpenoids and Polysaccharides: A Review. Molecules 2018, 23, 649. [CrossRef]

Hsieh, T.C.; Wu, ].M. Suppression of proliferation and oxidative stress by extracts of Ganoderma lucidum in the ovarian cancer cell
line OVCAR-3. Int. J. Mol. Med. 2011, 28, 1065-1069. [CrossRef]

Smina, T.P.; Mathew, J.; Janardhanan, K.K.; Devasagayam, T.P. Antioxidant activity and toxicity profile of total triterpenes isolated
from Ganoderma lucidum (Fr.) P. Karst occurring in South India. Environ. Toxicol. Pharmacol. 2011, 32, 438-446. [CrossRef]
Smina, T.P; De, S.; Devasagayam, T.P.; Adhikari, S.; Janardhanan, K K. Ganoderma lucidum total triterpenes prevent radiation-
induced DNA damage and apoptosis in splenic lymphocytes In Vitro. Mutat. Res. 2011, 726, 188-194. [CrossRef]

Lu, HM.; Uesaka, T.; Katoh, O.; Kyo, E.; Watanabe, H. Prevention of the development of preneoplastic lesions, aberrant crypt foci,
by a water-soluble extract from cultured medium of Ganoderma lucidum (Rei-shi) mycelia in male F344 rats. Oncol. Rep. 2001, 8,
1341-1345. [CrossRef] [PubMed]

Lu, H,; Kyo, E.; Uesaka, T.; Katoh, O.H.W. A water-soluble extract from cultured medium of Ganoderma lucidum (Rei-shi)
mycelia suppresses azoxymethane-induction of colon cancers in male F344 rats. Oncol. Rep. 2003, 10, 375-379. [CrossRef]

Lee, ].M.; Kwon, H.; Jeong, H.; Lee, ].W,; Lee, S.Y.; Baek, S.J.; Surh, Y.J. Inhibition of lipid peroxidation and oxidative DNA damage
by Ganoderma lucidum. Phytother. Res. 2001, 15, 245-249. [CrossRef]

XiaoPing, C.X.; Yan, C.; Shuibing, L.; You Gou, C. Free radical scavenging of Ganoderma lucidum polysaccharides and its effect
on antioxidant enzymes and immunity activities in cervical carcinoma rats. Carbohydr. Polym. 2009, 77, 389-393. [CrossRef]
Zhao, W,; Jiang, X.; Deng, W.; Lai, Y.; Wu, M.; Zhang, Z. Antioxidant activities of Ganoderma lucidum polysaccharides and their
role on DNA damage in mice induced by cobalt-60 gamma-irradiation. Food Chem. Toxicol. 2012, 50, 303-309. [CrossRef]
Prommasith, P.; Surayot, U.; Autsavapromporn, N.; Rod-in, W.; Rachtanapun, P.; Wangtueai, S. Inmunomodulatory, Anticancer,
and Antioxidative Activities of Bioactive Peptide Fractions from Enzymatically Hydrolyzed White Jellyfish (Lobonema smithii).
Foods 2024, 13, 3350. [CrossRef]

Khalil, E.A.; Swelim, H.; El-Tantawi, H.; Bakr, A.F.; Abdellatif, A. Characterization, cytotoxicity and antioxidant activity of sea
urchins (Diadema savignyi) and jellyfish (Aurelia aurita) extracts. Egypt. |. Aquat. Res. 2022, 48, 343-348. [CrossRef]
Dwiandhono, I.; Widodo, H.B.; Wahyono, D.J.; Ratnaningtyas, N.I.; Nawangtantrini, G.; Novrial, D.; Ashar, F. The Cytotoxic
Effect of Ganoderma lucidum Ethanol Extract on KB CCL-17 Oral Cancer Cell Culture. J. Biotech. Indon. 2020, 9, 99-105. [CrossRef]
You, B.-J.; Lee, H.-Z.; Chung, K.-R.; Lee, M.-H.; Huang, M.-].; Tien, N.; Chan, C.-W.; Kuo, Y.-H. Enhanced Production of Ganoderic
Acids and Cytotoxicity of Ganoderma lucidum Using Solid-Medium Culture. Biosci. Biotechnol. Biochem. 2012, 76, 1529-1534.
[CrossRef] [PubMed]

Xu, N.; Tian, H.; Po Fung, C; Lin, Y.; Chen, Y.; Zhu, G.; Shen, Y.; Guo, C.; Yang, H. Inhibition of human oral squamous cell
carcinoma proliferation and migration by prodrug-activating suicide gene therapies. Exp. Ther. Med. 2023, 25, 92. [CrossRef]
[PubMed]

https://doi.org/10.3390/ph19010108


https://doi.org/10.1016/j.ejpb.2018.02.022
https://doi.org/10.3390/life13051217
https://doi.org/10.4103/jpbs.jpbs_933_23
https://doi.org/10.37358/RC.19.7.7406
https://doi.org/10.1016/j.carbpol.2011.10.018
https://doi.org/10.1016/j.jtice.2013.01.032
https://doi.org/10.1016/j.ijbiomac.2018.11.215
https://www.ncbi.nlm.nih.gov/pubmed/30481533
https://doi.org/10.3390/molecules23030649
https://doi.org/10.3892/ijmm.2011.788
https://doi.org/10.1016/j.etap.2011.08.011
https://doi.org/10.1016/j.mrgentox.2011.09.005
https://doi.org/10.3892/or.8.6.1341
https://www.ncbi.nlm.nih.gov/pubmed/11605062
https://doi.org/10.3892/or.10.2.375
https://doi.org/10.1002/ptr.830
https://doi.org/10.1016/j.carbpol.2009.01.009
https://doi.org/10.1016/j.fct.2011.10.071
https://doi.org/10.3390/foods13213350
https://doi.org/10.1016/j.ejar.2022.05.005
https://doi.org/10.22435/jbmi.v9i2.4413
https://doi.org/10.1271/bbb.120270
https://www.ncbi.nlm.nih.gov/pubmed/22878212
https://doi.org/10.3892/etm.2023.11790
https://www.ncbi.nlm.nih.gov/pubmed/36761002
https://doi.org/10.3390/ph19010108

Pharmaceuticals 2026, 19, 108 42 of 42

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Felician, FF; Yu, R-H.; Li, M.-Z; Li, C.-].; Chen, H.-Q.; Jiang, Y.; Tang, T.; Qi, W.-Y.; Xu, H.-M. The wound healing potential of
collagen peptides derived from the jellyfish Rhopilema esculentum. Chin. J. Traumatol. 2019, 22, 12-20. [CrossRef]

Association of Official Analytical Chemists International (AOAC). Official Methods of Analysis of Association of Official Analytical
Chemists International, 19th ed.; AOAC International: Washington, DC, USA, 2019.

Roy, D.N.; Azad, A.; Sultana, M.F,; Anisuzzaman, A.S.M.; Khondkar, P. Nutritional profile and mineral composition of two edible
mushroom varieties consumed and cultivated in Bangladesh. J. Phytopharmacol. 2015, 4, 217-220. [CrossRef]

Singh, R.; Kaur, N.; Shri, R.; Singh, A.P.; Dhingra, G.S. Proximate composition and element contents of selected species of
Ganoderma with reference to dietary intakes. Env. Monit. Assess. 2020, 192, 270. [CrossRef]

Cadar, E.; Axinte, E.R.; Amzoiu, M.; Jurja, S.; Cherim, M. Preliminary Study on the Marine Algae from the Romanian Black Sea
coast. J. Sci. Arts. 2019, 4, 989-1000.

Albalasmeh, A.A.; Berhe, A.A.; Ghezzehei, T.A. A new method for rapid determination of carbohydrate and total carbon
concentrations using UV spectrophotometr. Carbohydr. Polym. 2013, 97, 253-261. [CrossRef]

Lowry, O.H.; Rosbrough, N.J.; Farr, A.L.; Randall, R.J. Quantitation of Protein. J. Biol. Chem. 1951, 193, 265-275. [CrossRef]
[PubMed]

Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef] [PubMed]

Percy, J.; Fife, F. The Biochemical Composition and Energy Content of Arctic Marine Macrozooplankton. Arctic 1981, 34, 307-313.
[CrossRef]

Zhang, H.L.; Cui, S.H.; Zha, X.Q.; Bansal, V.; Xue, L.; Li, X.L.; Hao, R.; Pan, L.H.; Luo, J.P. Jellyfish skin polysaccharides: Extraction
and inhibitory activity on macrophage-derived foam cell formation. Carbohydr. Polym. 2014, 106, 393-402. [CrossRef] [PubMed]
Eid, S.M.; Farag, M.A.; Bawazeer, S. Underivatized Amino Acid Chromatographic Separation: Optimized Conditions for
HPLC-UV Simultaneous Quantification of Isoleucine, Leucine, Lysine, Threonine, Histidine, Valine, Methionine, Phenylalanine,
Tryptophan, and Tyrosine in Dietary Supplements. ACS Omega 2022, 7, 31106-31114. [CrossRef]

Barzideh, Z; Latiff, A.A.; Gan, C.-Y.; Benjakul, S.; Karim, A.A. Isolation and characterisation of collagen from the ribbon jellyfish
(Chrysaora sp.). Int. J. Food Sci. Technol. 2014, 49, 1490-1499. [CrossRef]

Sidhu, J.S.; Ali, M.; Al-Rashdan, A.; Ahmed, N. Onion (Allium cepa L.) is potentially a good source of important antioxidants. J.
Food Sci. Technol. 2019, 56, 1811-1819. [CrossRef] [PubMed]

Singleton, V.L.; Orthofer, R.; Lamuela-Raventos, R.M. Analysis of total phenols and other oxidation substrates and antioxidants
by means of Folin-Ciocalteau reagent. Methods Enzym. 1999, 299, 152. [CrossRef]

Stabili, L.; Rizzo, L.; Caprioli, R.; Leone, A.; Piraino, S. Jellyfish Bioprospecting in the Mediterranean Sea: Antioxidant and
Lysozyme-Like Activities from Aurelia coerulea (Cnidaria, Scyphozoa) Extracts. Mar. Drugs 2021, 19, 619. [CrossRef]

Chang, C.-C.; Yang, M.-H.; Wen, H.-M.; Chern, J.-C. Estimation of total flavonoid content in propolis by two complementary
colometric methods. . Food Drug Analys. 2002, 10, 178-182. [CrossRef]

Masjedi, M.; Nateghi, L.; Berenjy, S.; Eshaghi, M.R. Optimization of Extraction of Flavonoid, Total Phenolic, Antioxidant, and
Antimicrobial Compounds from Ganoderma Lucidum by Maceration Method. Iran. |. Chem. Chem. Eng. 2022, 41, 3127-3140.
[CrossRef]

Tajbakhsh, S.; Ilkhani, M.; Rustaiyan, A.; Larijani, K.; Sartavi, K.; Tahmasebi, R.; Asayesh, G. Antibacterial effect of the brown alga
Cystoseira trinodis. . Med. Plants Res. 2011, 5, 4654-4657.

Brand, W.W.; Cuvelier, M.E.; Berset, C. Use of a free radical method to evaluate antioxidant activity. Lebensm. Wiss. Technol. 1995,
28, 25-30. [CrossRef]

Hsu, C.L.; Chen, W.; Weng, Y.M.; Tseng, C.Y. Chemical composition, physical properties and antioxidant activities of yam flours
as affected by different drying methods. Food Chem. 2003, 83, 85-92. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ph19010108


https://doi.org/10.1016/j.cjtee.2018.10.004
https://doi.org/10.31254/phyto.2015.4405
https://doi.org/10.1007/s10661-020-08249-7
https://doi.org/10.1016/j.carbpol.2013.04.072
https://doi.org/10.1016/S0021-9258(19)52451-6
https://www.ncbi.nlm.nih.gov/pubmed/14907713
https://doi.org/10.1016/0003-2697(76)90527-3
https://www.ncbi.nlm.nih.gov/pubmed/942051
https://doi.org/10.14430/arctic2533
https://doi.org/10.1016/j.carbpol.2014.01.041
https://www.ncbi.nlm.nih.gov/pubmed/24721094
https://doi.org/10.1021/acsomega.2c03228
https://doi.org/10.1111/ijfs.12464
https://doi.org/10.1007/s13197-019-03625-9
https://www.ncbi.nlm.nih.gov/pubmed/30996417
https://doi.org/10.1016/S0076-6879(99)99017-1
https://doi.org/10.3390/md19110619
https://doi.org/10.38212/2224-6614.2748
https://doi.org/10.30492/ijcce.2021.532590.4801
https://doi.org/10.1016/S0023-6438(95)80008-5
https://doi.org/10.1016/S0308-8146(03)00053-0
https://doi.org/10.3390/ph19010108

	Introduction 
	Results 
	Chemical Profiling of Ganoderma lucidum Ethanolic Extract and Rhizostoma pulmo Collagen Hydrolysate 
	Monosaccharide Types of Polysaccharide Content of G. lucidum 
	Rhizostoma pulmo Collagen Characterization 
	SDS-PAGE Analysis 
	Circular Dichroism Spectral Analysis 
	FT-IR Analysis 

	Amino Acid Content of R. pulmo 
	Polyphenolic Content 
	Total Phenolic and Flavonoid Content 
	Individual Phenolic Acids 

	Characterization of the New Biocomposite Obtained 
	Macroscopic Study of GL-JPC Composite 
	Microscopic Study of GL-JPC Composite 
	Rheological Study of the Newly Obtained Biocomposites 

	Antimicrobial Activity 
	Antioxidant Activity 
	DPPH Assay 
	Reducing Power 

	Biological Evaluation of the New GL-JPC Biocomposite 
	Anticancer Activity on the SCC-9 Lines Cells of New Composite E1 and E2 with GL-JPC 
	Anticancer Activity on the HSC3 Lines Cells of New Composites E1 and E2 with GL-JPC 


	Discussion 
	Materials and Methods 
	Chemical Reagents 
	Preparation of Extracts 
	G. lucidum Extracts 
	R. pulmo Collagen Extract 

	Formulation of the New Biocomposite Based on G. lucidum and R. pulmo 
	Determination of the Proximal Composition and Nutritional Values of the Studied Species 
	Biochemical Composition of Fungus G. lucidum 
	Biochemical Composition of Jellyfish R. pulmo 

	Identification of Monosaccharide Types of the Polysaccharide Content from G. lucidum 
	Jellyfish R. pulmo General Characterization 
	SDS-PAGE Analysis 
	Circular Dichroism Spectral Analysis 
	FT-IR Spectroscopy Analysis of Collagen 

	Determination of the Amino Acid Composition from R. pulmo 
	Determination of the Polyphenolic Content 
	Determination of the Total Phenolic Content (TPC) 
	Determination of the Total Flavonoid Content (TFC) from G. lucidum 
	Determination of the Individual Phenolic Compounds by the HPLC-DAD Method 

	Physicochemical Characteristics of the New Biocomposite 
	Macroscopic and Microscopic Study 
	Rheological Study 

	Antimicrobial Activity 
	Antioxidant Activity 
	DPPH Method 
	Reducing Power Assay 

	Biological Evaluation 
	Cell Viability for SCC-9 and HSC3 Cell Lines 
	Scratch Test on SCC-9 and HSC3 Cell Lines 

	Statistical Methods 

	Conclusions 
	References

