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Preface

Algae represent one of the most diverse and versatile groups of organisms in the marine

environment, including a wide range of macroalgae (seaweeds) and microalgae with remarkable

biochemical complexity. Over recent decades, growing scientific and industrial interest has focused

on algae as a sustainable and abundant source of functional components with significant biological

and technological value. These organisms synthesize a broad spectrum of metabolites, many

of which exhibit well-documented bioactivities. Antioxidant, anti-inflammatory, antimicrobial,

neuroprotective, antitumor, and metabolic regulatory effects have been reported for numerous

algal-derived compounds, highlighting their potential applications in food, pharmaceutical,

nutraceutical, cosmetic, and biomedical sectors.

Despite this recognized potential, the structural diversity, complexity, and heterogeneous

distribution of bioactive compounds in algal matrices pose considerable challenges for their efficient

recovery and characterization. Conventional extraction methods often show low selectivity, high

solvent use, and compound degradation. Therefore, algae research increasingly emphasizes

green and innovative extraction techniques to improve yields, preserve bioactivity, and reduce

environmental impact.

In parallel with extraction advances, significant progress has been made in analytical techniques

for the characterization and quantification of algal functional components. These analytical

developments are essential not only for validating bioactive potential but also for ensuring quality

control, reproducibility, and regulatory compliance in downstream applications.

This reprint brings together a collection of original research articles and review papers published

within the Special Issue “The Extraction and Application of Functional Components in Algae”.

The contributions collectively address key aspects of algal bioactive research, including innovative

extraction and purification strategies, analytical characterization of diverse classes of metabolites,

and evaluation of biological activities and practical applications. By covering both methodological

advances and application-oriented studies, the volume reflects the multidisciplinary nature of

contemporary algae research, integrating perspectives from marine biology, chemistry, biotechnology,

health, and applied sciences.

The insights presented in this Reprint not only expand current knowledge but also

identify remaining challenges and future research directions, including scalability of extraction

processes, standardization of analytical protocols, and translation of laboratory findings into

commercial products.

Aurora Silva, Miguel Ángel Prieto Lage, Clara Grosso, and Maria Fátima Sá Barroso

Guest Editors
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Abstract

Brown algae of the Cystoseira genus are recognized as valuable sources of bioactive com-
pounds, including polysaccharides. Within the framework of current restoration efforts re-
garding damaged Ericaria amentacea populations in the Mediterranean Sea, the valorization
of apices derived from ex situ cultivation waste represents a sustainable opportunity for in-
dustrial and biomedical applications. In this study, sodium alginate (SA) was extracted from
E. amentacea apex by-products using a hydrothermal–alkaline method and subsequently
chemically characterized. FTIR analysis showed O-H, C-H, and COO- stretching compatible
with commercial alginates, while 1H-NMR spectroscopy indicated high β-D-mannuronic
acid content, with an M/G ratio of 2.33. The extracted SA displayed a molecular weight of
1 × 104 g/mol and a polydispersity index of 3.5. The bioactive properties of the SA extract
were investigated in chemico and in vitro. SA exhibited remarkable antioxidant activity,
showing significant DPPH and nitric oxide-radical-scavenging capacity. Furthermore, SA
demonstrated a strong anti-inflammatory effect in LPS-stimulated macrophages through
modulation of several inflammatory mediators (i.e., IL-6, IL-8/CXCL5, MCP-1, and TNF-α).
In particular, SA promoted a striking iNOS gene expression inhibition, which, paired
with its direct NO-scavenging ability, paves the way for future pharmacological use of
E. amentacea derivatives, particularly if sustainably obtained from restoration activity waste.

Keywords: brown algae; Ericaria amentacea; sodium alginate; biological effects; gene expres-
sion

1. Introduction

Macroalgae are widely recognized as a valuable source of bioactive compounds with
applications in the food, cosmeceutical, and pharmaceutical industries, as well as in the
production of phycocolloids [1,2]. According to the Food and Agriculture Organization
(FAO) of the United Nations, global seaweed production reached approximately 34.7 mil-
lion tons in 2019. Of this total, red and brown seaweed represent the majority, contributing
about 53% and 47%, respectively, while green seaweed accounts for only 0.054% [3]. Brown

Mar. Drugs 2026, 24, 41 https://doi.org/10.3390/md24010041
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seaweed, in particular, is regarded as a sustainable and renewable biomass source due to
its widespread availability and fast growth [4]. Moreover, the bioprocessing of seaweed is
considered environmentally friendly, as it is biodegradable and biocompatible, making it
suitable for various industrial and biomedical applications [5].

Phycocolloids are polysaccharides associated with the cell walls and intercellular
spaces of certain seaweed species [6]. A typical example is alginate, a naturally occurring
polysaccharide, first identified by British chemist E.C.C. Stanford in 1881 [7]. It represents
the primary structural polysaccharide in brown seaweed, and it is typically found in the
cell wall and matrix as a mixture of cationic salts naturally present in seawater. In its
native state, alginate occurs as a mixture of alginic calcium, magnesium, and sodium salts,
contributing both to the strength and the flexibility of the algal tissue [8].

At the molecular level, alginates are anionic, linear binary copolymers composed
of β-D-mannuronic acid (M) and α-L-guluronic acid (G) residues, linked through (1→4)
glycosidic bonds. The stereochemical difference between mannuronic and guluronic acid
arises from the configuration at the C-5 carbon in the uronic acid ring. These two acids are
arranged into three distinct block types: homopolymeric sequences of mannuronic acid
(MM-blocks), homopolymeric sequences of guluronic acid (GG-blocks), and heteropoly-
meric sequences of alternating M and G units (MG-blocks) [9,10]. Mannuronic acid units
form β-(1→4) bonds, resulting in linear and flexible M-block segments. In contrast, gu-
luronic acid units are connected by α-(1→4) bonds, introducing steric hindrance around the
carboxyl groups, which leads to folded, rigid conformations in the G-block segments [10].
The ratio of mannuronic to guluronic acid (M/G ratio) varies depending on the algal
species, the specific tissue, and even the harvesting season [11]. These structural character-
istics, particularly the M/G ratio, the block arrangement, and the distribution of M and G
units, have a significant impact on the physicochemical properties of alginates. To date,
approximately 200 distinct alginate types have been identified, each with varying M/G
ratios depending on the source and extraction conditions [12]. The water-soluble form of
sodium alginate (SA) is especially valued in the food and pharmaceutical industries due
to its ability to form hydrogels in the presence of divalent cations such as Ca2+ [13]. In
such cases, guluronic acid residues from different polymer chains interact with calcium
ions via their carboxylic groups (COO−), forming a thermally irreversible, water-insoluble
three-dimensional network commonly referred to as the “egg-box” model [14]. Owing
to their biocompatibility, non-toxicity, biodegradability, and polyelectrolytic nature, algi-
nates are particularly suitable for various biological and biomedical purposes, including
anti-inflammatory and antioxidant applications [15].

Inflammation is a fundamental component of the innate immune response, play-
ing a crucial role in protecting the body against pathogenic invasion and tissue injury.
Traditionally, it is characterized by vasodilation and leukocyte infiltration, manifesting
clinically as erythema, heat, edema, and pain [16]. From an evolutionary standpoint, the
inflammatory cascade is an essential defense mechanism designed to eliminate harmful
stimuli and initiate tissue repair through a transient, self-regulated process [17]. However,
when inflammatory triggers persist and/or the inflammatory response fails to resolve,
the process can become chronic. In contrast to acute inflammation, which is typically
short-lived and beneficial, chronic inflammation is often subclinical and prolonged, pro-
gressively contributing to cellular dysfunction and tissue damage. Furthermore, chronic
inflammation is nowadays a broadly recognized feature of several diseases such as dia-
betes, hypertension, atherosclerosis, and cancer [18]. To counteract inflammation, various
synthetic anti-inflammatory agents have been developed. While effective, many of these
compounds are associated with adverse side effects. As a result, there is growing interest

https://doi.org/10.3390/md240100412
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in the exploration of naturally derived bioactive compounds (i.e., polysaccharides) with
dual anti-inflammatory and antioxidant capabilities.

A key molecular mechanism linking inflammation and cellular damage is oxidative
stress, which arises from the overproduction of reactive oxygen species (ROS). Reactive
oxygen species (ROS)—including superoxide anion (•O2

−), hydrogen peroxide (H2O2),
organic peroxide (ROOR′), hydroxyl radical (•OH), and peroxynitrite (ONOO−)—are
natural byproducts of cellular metabolism and of exposure to xenobiotics [19,20]. Although
ROS play essential roles in intracellular signaling and certain physiological processes,
excessive ROS production results in oxidative stress, leading to cellular and molecular
damage. Elevated intracellular ROS levels can damage organic macromolecules such as
proteins [21], DNA [22], and lipids [23]. When oxidative damage exceeds the cellular
antioxidant defense capacity, it impairs key cellular functions and ultimately triggers cell
death via apoptosis or necrosis [24].

In the Mediterranean Sea, macroalgal forests are predominantly composed of species
belonging to Cystoseira sensu lato (s.l.) (Fucales, Phaeophyceae). In the last few decades,
these forests have experienced significant decline or local extinction due to anthropogenic
pressures and the impacts of climate change [25]. One of the species impacted by this decline
is Ericaria amentacea, a Mediterranean endemic fucoid alga that colonizes the lower intertidal
zone, forming dense monospecific belts. To mitigate its decline, various ex situ restoration
activities have been implemented to support the recovery of E. amentacea populations along
the Mediterranean and Ligurian coasts [26,27]. These restoration efforts generate biological
waste, i.e., apical segments of the algal fronds, used to obtain the gametes needed for
the cultivation process [28]. In this study, we aimed to extract and characterize, for the
first time, sodium alginate polymers from E. amentacea using the apical waste material
generated during ex situ cultivation for restoration purposes. Furthermore, we investigated
the antioxidant and anti-inflammatory properties of these SA extracts by means of in
chemico and in vitro cellular tests, showing very promising biological properties.

2. Results

2.1. Chemical Composition

The chemical content of Ericaria amentacea sodium alginate (SA) is presented in Table 1.
Colorimetric assays revealed that the SA extract contained 44.25% total sugar and 49%
uronic acids. In addition, 0.52% proteins and 0.93% polyphenols were detected.

Table 1. Chemical content of E. amentacea SA.

Sample
Yield
(%)

Total Sugar
(%)

Uronic Acid
(%)

Total Polyphenols
(%)

Protein
(%)

SA 3 ± 0.78 44.25 ± 4 49 ± 2.2 0.93 ± 0.08 0.52 ± 0.04

2.2. Chemical Analyses
2.2.1. Fourier-Transform Infrared Spectroscopy

The Fourier-transform infrared (FTIR) spectrum of SA is shown in Figure 1. The chem-
ical structure of this SA exhibited O-H, C-H, and COO- stretching, which are represented by
bands at 3301 cm−1, 2926 cm−1, and 1597–1408 cm−1, respectively, according to commercial
alginates [29].

2.2.2. NMR Spectroscopy

The characterization of the chemical composition and block distribution of the SA
extracted from E. amentacea was performed by 1H NMR spectroscopy. The acquired data
showed a typical 400 MHZ-1H NMR spectrum (Figure 2) with a set of specific signals

https://doi.org/10.3390/md240100413
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characteristic of the sodium alginate fraction, confirming the high purity of the extracted
polysaccharide. The signal assignment was achieved by comparison with previously
reported chemical shifts [30,31].

Figure 1. FTIR spectrum of E. amentacea SA.

 

Figure 2. 1H NMR analysis of SA extracted from E. amentacea by setting the residual HOD signal
in D2O to 4.79 ppm: signal IA = guluronic acid anomeric proton (G-1), signal IB = overlap be-
tween the mannuronic acid anomeric proton (M-1) and the H-5 of alternating blocks (GM-5), signal
IC = guluronic acid H-5 position (block GG-5G).

The spectrum revealed signals of the guluronic acid anomeric proton (G-1) at 5.61 ppm
(signal IA) and guluronic acid H-5 (GG-5G) at 4.98 ppm (signal IC), while the overlap
between the mannuronic acid anomeric proton (M-1) and the C-5 of alternating blocks
(GM-5) was identified at 5.19 ppm (signal IB).

https://doi.org/10.3390/md240100414
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The area of the described signals (IA, IB, and IC) was calculated and used to define the
M/G ratio, the molar pair frequencies of the monads of mannuronic and guluronic acid
(FM and FG), and the diad sequences (FGG, FMM, FMG, or FGM). Indeed, the proportions of
each block (FG and FM) and the homogeneous (FGG and FMM) and heterogeneous (FGM and
FMG) blocks of SA extracted from E. amentacea were estimated by applying the commonly
used equations of Grasdalen et al. [30], summarized as follows:

FG = IA/(IB + IC)

FGG = IC/(IB + IC)

FM = 1 − FG

FGM = FG − FGG

FMM = FM − FMG

M/G = FM/FG

The chemical composition of SA extracted from E. amentacea, as summarized in Table 2,
was determined using integral 1H NMR values, as well as the equations mentioned above.

Table 2. Structural characterization of SA extracted from E. amentacea harvested in the Ligurian Sea.

Fraction FG
1 FM

2 FGG
3 FGM or FMG

4 FMM
5 M/G 6 η 7

SA 0.30 0.70 0.26 0.04 0.66 2.33 0.160
1 FG—fraction of individual blocks of guluronic acid units; 2 FM—fraction of individual blocks of mannuronic
acid units; 3 FGG—fraction of homogeneous block of guluronic acid; 4 FGM or FMG—fraction of heterogeneous
blocks of alternating mannuronic and guluronic acids; 5 FMM—fraction of homogeneous block of mannuronic
acid; 6 M/G—ratio between FM and FG; 7 η—parameter defined as η = FMG/(FM × FG).

2.3. Molecular Weight Determination

Intrinsic viscosity analysis was performed to evaluate the molecular weight of the SA
extract. As shown in Table 3, SA was characterized by a weight average molecular mass
(Mw) of 1 × 104 g/mol, a number average molecular mass (Mn) of 2.9 × 103 g/mol, and a
polydispersity index q (Mw/Mn) of 3.5.

Table 3. Molecular weight, number average molecular weight, polydispersity index, and intrinsic
viscosity of SA extracted from E. amentacea harvested in the Ligurian Sea.

Sample MW (g/mol) Mn (g/mol) q (Mw/Mn) [η] (mL/g)

SA 1 × 104 2.9 × 103 3.5 36.8

2.4. Biological Properties
2.4.1. Antioxidant Potential DPPH Radical-Scavenging Activity

The overall radical-scavenging activity of the SA measured by the DPPH assay re-
vealed an elevated antioxidant potential (Figure 3a). At 1.25 mg/mL and 0.625 mg/mL
tested concentrations, in fact, the SA showed a scavenging potential higher than 50%, with
91% and 59% reduction capacities, respectively, and a resulting IC50 of 0.410 mg/mL.

• Reducing Fe (III) Power Assay

SA’s ability to reduce the Fe3+/ferricyanide complex to the ferrous form was evaluated
by following the potassium ferricyanide method (Figure 3b). The reducing power of SA in-
creased with increasing concentrations (from 0.067 to 0.535 mg/mL), obtaining A700 values
of 1.06 A.U. at 0.535 mg/mL, corresponding to the highest SA concentration used.

https://doi.org/10.3390/md240100415
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• NO-Scavenging Activity

The NO-scavenging activity of the SA extract was evaluated by the nitroprusside
NO donor assay. The reducing power of SA proved to be dose-dependent (from 0.042
to 0.417 mg/mL). The NO IC50 scavenging potential of the SA extract was 0.417 mg/mL
(Figure 3c).

 
(a) (b) 

 
(c) 

Figure 3. The antioxidant activity of E. amentacea SA in spectrophotometric tests. (a) ROS scavenging
activity by the DPPH assay; (b) Fe reducing activity of E. amentacea SA; (c) NO-scavenging potential
of E. amentacea SA. Ascorbic acid (AA) and sodium nitroprusside (SN) were used as positive controls,
AA in the DPPH and Fe reducing activity assay, SN in the NO assay. Data are the mean ± S.D. of
three experiments performed in duplicate.

2.4.2. Anti-Inflammatory Potential

• Cytotoxicity test

The cytotoxicity of SA at various concentrations was evaluated in murine RAW
264.7 macrophages and in human THP-1-derived M0 macrophages to investigate the
safe use of these extracts for human health applications. The RAW 264.7 cells and differen-
tiated THP-1 M0 cells were incubated for 24 h with various dilutions of SA (from 0.05 to

https://doi.org/10.3390/md240100416
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0.4 mg/mL), and then, the cell viability was evaluated by the MTT test and compared to
untreated control cells (Figure 4). Concerning RAW 264.7 murine macrophages, a slight
decrease in the cell number (around 30%) for all tested concentrations was observed after
SA exposure (Figure 4a) as compared to control cells, probably due to a slower growth
rate in the presence of the SA, which was concentration-independent. Conversely, for
the differentiated human THP-1 M0 macrophages, the results showed no significant ef-
fects on cell growth for all tested concentrations (0.05 and 0.4 mg/mL, Figure 4b). These
data indicate that E. amentacea SA might be safely used in humans due to the absence of
significant toxicity.

 
(a) (b) 

Figure 4. MTT assay for the assessment of in vitro cytotoxicity. (a) In vitro cytotoxicity of SA at
various (from 0.05 to 0.4 mg/m/L) concentrations evaluated on RAW 264.7 murine macrophages.
(b) In vitro cytotoxicity of SA at the same concentrations evaluated on human differentiated THP-1
M0 macrophages. The results are expressed as a percentage of viability with respect to the control
(untreated cells) and are the mean ± SD of three experiments performed in five replicates. ANOVA
was significant (i.e., p < 0.05) in (a), with ** p < 0.01 vs. NT in Tukey post-test.

• Gene expression analysis for LPS-activated RAW 264.7 macrophages

RAW 264.7 cells were stimulated with 100 ng/mL of pro-inflammatory bacterial endo-
toxin (LPS). The expression of inflammatory cytokines and mediators, such as interleukin
1β (IL-1β); interleukin 6 (IL-6); the murine homologue of human IL-8 cytokine, i.e., C-X-C
Motif Chemokine Ligand 5 (CXCL5); tumor necrosis factor (TNF-α); and cyclooxygenase-2
(COX-2), was evaluated by qPCR to assess the in vitro anti-inflammatory potential of the
E. amentacea SA at 0.2 and 0.4 mg/mL concentrations.

All investigated cytokines and inflammatory mediators were significantly overex-
pressed in murine macrophages following 8 or 24 h of LPS treatment (Figure 5a,b), as
compared to untreated controls. After 8 h of LPS stimulation, the SA at the lowest concen-
tration (0.2 mg/mL) exhibited inhibition potentials of 17% and 12% on the overexpression
of IL-6 and CXCL5, respectively, as compared to LPS alone (Figure 5a). On the other hand,
the highest SA concentration (0.4 mg/mL) led to the inhibition of the IL-6 gene by 26%.
Instead, a significant gene expression increase in IL-1β, exceeding that of LPS alone, was
detected after both SA treatments, while no significant effects were detected in either SA
treatment on the COX-2 and TNF-α gene expression profiles after the 8 h LPS stimulation.

After 24 h, the lowest SA concentration (0.2 mg/mL) led to a significant inhibition of
IL-6, TNF-α, and CXCL5 overexpression, as compared to LPS alone, by 25%, 39%, and 20%,
respectively (Figure 5b). On the other hand, at the highest SA concentration (0.4 mg/mL),

https://doi.org/10.3390/md240100417
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we observed the inhibition of IL-1β and CXCL5 overexpression, as compared to LPS alone,
by 15% and 40%, respectively. No inhibitory effects were detected in the induced COX-
2 gene overexpression by either SA concentration. In conclusion, a mild but significant
inhibition of IL-6, CXCL5, and TNF-α gene expression was achieved in inflamed murine
macrophages following E. amentacea SA treatment. Parallel experiments were performed in
RAW 264.7 cells using 0.4 mg/mL of commercial low and medium molecular weight SA
(CL and CM, respectively) and are reported in Figure S1. In this case, at 8 h (panel A) in the
presence of LPS, both CL and CM significantly stimulated IL-1β, IL-6, and CXCL5 expression
as compared to LPS alone, with no significant effect on TNF-α and COX-2 stimulation.
This trend was also maintained at 24 h (panel B), with the only difference observed in
TNF-α being slight inhibition caused by both alginates as compared to LPS alone. These
data reveal significantly different behaviors between the E. amentacea-extracted SA and the
two commercially available SAs, with the former showing potential, although mild, anti-
inflammatory activity in activated murine macrophages not paralleled by the latter.

Figure 5. Cont.
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Figure 5. E. amentacea SA inhibition of gene expression in LPS-activated RAW 264.7 macrophages.
Gene expression measured by qPCR analysis of IL-1β, IL-6, CXCL5, TNF-α, and COX-2, after
incubation for 8 h (a) and 24 h (b), with or without LPS (100 ng/mL), and in the presence or absence
of 0.2 and 0.4 mg/mL SA. Data are normalized on the GAPDH housekeeping gene and expressed
as mRNA fold increase compared to control, untreated cells. Results are the mean ± SD of three
experiments performed in duplicate. ANOVA was significant in each histogram (p < 0.05), with
* p < 0.05, and ** p < 0.01 vs. LPS in Tukey post-test.

• Gene expression analysis of LPS-activated THP-1 M0

Differentiated human THP-1 M0 macrophages were stimulated with 100 ng/mL of LPS.
The expression of inflammatory cytokines, i.e., IL-1β, IL-6, IL-8, monocyte chemoattractant
protein-1 (MCP-1), and TNF-α, was evaluated by qPCR to assess the anti-inflammatory
potential of the E. amentacea SA at a 0.4 mg/mL concentration.

All inflammatory cytokines were significantly upregulated after 24 h of LPS incubation
(Figure 6), and SA treatment resulted in the significant inhibition of IL-6, IL-8, MCP-1, and
TNF-α, as compared to LPS alone, by 46%, 46%, 81%, and 23%, respectively. Similarly to
the results obtained from RAW 264.7 macrophages, also in THP-1 M0 cells, no inhibitory
effects were detected in the LPS-stimulated IL-1β gene overexpression. Also in this case,
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parallel experiments were performed on THP-1 M0 macrophages by using 0.4 mg/mL of
commercial CL and CM SA (Figure S2), and the results showed very different behavior
with respect to the E. amentacea SA extract. In particular, no inhibitory effect on LPS-
overexpressed cytokines was observed in the presence of CL SA, except for a light decrease
in MCP-1, while a slight but significant inhibition of all cytokines was observed in the case
of the CM treatment, as compared to LPS alone, indicating a mild anti-inflammatory effect
on activated human macrophages caused by the medium molecular weight SA.

 

Figure 6. E. amentacea SA inhibition of gene expression in THP-1 M0 macrophages. Gene expression
measured by qPCR analysis of IL-1β, IL-6, IL-8, TNF-α, and MCP-1 after THP-1 M0 macrophage
incubation, with or without LPS (100 ng/mL), and in the presence or absence of 0.4 mg/mL SA for
24 h. Data are normalized on the HPRT-1 housekeeping gene and expressed as mRNA fold increase
compared to control, untreated cells. Results are the mean ± SD of three experiments performed in
duplicate. ANOVA was significant in each histogram (p < 0.05), with ** p < 0.01 vs. LPS in Tukey
post-test.
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• NO-Scavenging activity and iNOS gene expression in LPS-Activated RAW
264.7 Macrophages

RAW 264.7 macrophages were stimulated with LPS (100 ng/mL), and the NO produc-
tion was evaluated after incubation in the presence or absence of the E. amentacea SA at 0.2
and 0.4 mg/mL (Figure 7). LPS stimulation led to significant NO overproduction in RAW
264.7 macrophages (17.35 and 40.01 nmol/mL/mg protein after 8 and 24 h incubation;
Figure 7a and b, respectively) compared to control cells, in which the production was
undetectable. After 8 h of incubation, NO production was significantly inhibited (by 45.5%
and 52%) by both the 0.2 and 0.4 mg/mL SA concentrations, respectively. Similarly, the LPS-
stimulated NO overproduction was significantly inhibited by the two SA concentrations
after 24 h of incubation by 44.7% and 34%, respectively.

 
(a) (b) 

  
(c) (d) 

Figure 7. NO-scavenging activity and iNOS gene expression in cellular assay. (a,b) Intracellu-
lar NO production measured by Griess assay in RAW 264.7 murine macrophages incubated for
8 h (a) and 24 h (b) with LPS (100 ng/mL) in the presence or absence of 0.2 and 0.4 mg/mL of SA. The
results are expressed as a percentage of NO production, with respect to control, untreated cells, and
are the mean ± SD of two assays performed in triplicate. (c,d) Gene expression measured by qPCR
analysis of iNOS after RAW 264.7 cell incubation, for 8 h (c) and 24 h (d), with or without 100 ng/mL
LPS and in the presence or absence of 0.2 and 0.4 mg/mL SA. Data are normalized on the GAPDH
housekeeping gene and expressed as mRNA fold increases compared to control, untreated cells.
Results are the mean ± SD of three experiments performed in duplicate. ANOVA was significant
in each histogram (p < 0.05), with ** p < 0.01 vs. LPS in Tukey post-test and ## p < 0.01 vs. negative
control in Tukey post-test.
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In relation to this important inhibition of NO production at the biochemical level,
we also aimed to quantify the enzyme responsible for its production, the inducible NO
synthase (iNOS). The gene expression level was quantified after LPS stimulation in the
presence and absence of the E. amentacea SA (Figure 7c,d). Indeed, a strong impairment
of inducible NO synthase expression was achieved in inflamed murine macrophages
following the SA treatment. In detail, after 8 h, we observed inhibitions of 70% and 83%
on the overexpression of the iNOS gene, as compared to LPS alone (Figure 7c), in the
presence of 0.2 and 0.4 mg/mL SA, respectively. Following this trend, also after 24 h,
both SA concentrations maintained a significant 70% inhibition of iNOS overexpression, as
compared to LPS alone (Figure 7d). Parallel experiments were performed using 0.4 mg/mL
of commercial CL and CM SA in the presence of LPS, also in this case measuring NO
release and iNOS gene expression in RAW 264.7 macrophages. The results are shown in
Figure S3. In detail, concerning NO release, no inhibition of this molecular species was
observed after the 8 h treatment in the presence of LPS and CL, while a significant increase
was observed in the presence of LPS and CM SA as compared to LPS alone. Conversely,
at 24 h, the two commercial SAs caused a slight decrease in NO production as compared
to LPS alone. Furthermore, concerning the iNOS gene expression, at both 8 and 24 h, the
two commercial SAs caused a significant decrease, as compared to overexpression caused
by LPS alone, although this inhibition was significantly lower than that obtained in the
presence of the E. amentacea SA extract.

3. Discussion

For the first time, the structural characterization of sodium alginate (SA) isolated from
E. amentacea end-products, specifically from apices wasted by a cultivation step during
an algal forest restoration, is reported. The extraction yield of the E. amentacea SA was
about 3.05% (w/w), which is close to the 5.43% reported by Zrid and collaborators [32]
for alginate extracted from another species of the same complex, Cystoseira humilis. This
yield was lower by about three-fold than that obtained with other species of Cystoseria
complex, such as Gongolaria barbata SA (9.9% [33]) and Ericaria sedoides (11% [34]) harvested
from the Tunisian coasts. Moreover, the obtained yield was much lower compared with
other species, such as Cystoseira crinita (20.18% [15]), Cystoseira compressa (21.65% [35]), Lam-
inaria digitate (36% [36]), Macrocystis pyrifera (18–45% [37]), Laminaria ochroleuca (50% [38]),
Durvillaea antarctica (53%), Ecklonia cava (35–38%) [39], Durvillaea potatorum (55% [40]). As
demonstrated in Table 1, SA contained 44.25% total sugars and 49% uronic acids, with
the presence of some impurities like proteins (0.53%) and phenolic compounds (0.93%).
All of these results were in accordance with the literature concerning SA extracted from
other algal species, such as Padina perindusiata, G. barbata, and C. compressa [33,35,41]. This
broad disparity in the extraction yields and chemical composition of all of these brown
seaweeds might be explained by some differences in the extraction procedures but also by
the seasonal trends and ecological factors, as well as the species’ own characteristics [33,37].
In our case, the use of the seaweed apices after gamete release induction for the ex situ
cultivation step for algal restoration purposes may also explain the lower SA yield from the
present E. amentacea samples. Indeed, the seaweed apices could present lower SA content
either because they are younger formations and/or because they need a different structural
plasticity/flexibility, as compared to the stiffness of the mature thalli.

The calculated M/G ratio of the E. amentacea SA was 2.33, indicating that this poly-
mer is primarily composed of 70% mannuronic acid (FM = 0.7) and 30% guluronic acid
(FG = 0.3). Similar results have been reported in studies on other algal species. For in-
stance, SA extracted from D. potatorum, Saccorhiza polyschides, and D. antarctica exhibited
mannuronic/guluronic (M/G) ratios of 2.125, 2.14, and 2.15, respectively [38]. This ratio
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was lower than those reported in the literature for SA extracted from Turbinaria turbinata
(M/G = 2.66), Durvillaea willana (M/G = 2.57), Fucus guiryi (M/G = 4.41), Sargassum cinereum
(M/G = 4.5), and Dictyota dichotoma (M/G = 4.8) [29,38,42]. These values are considered
high, as several algal SAs typically exhibit M/G ratios ranging between 0.45 and 1.86 [15].
According to the literature, M/G ratios are influenced by factors such as algal maturity,
seasonal environmental conditions, and the extraction method used [11]. In addition, the
various biological activities of SA polysaccharides are often closely related to their physical
properties in aqueous media. The physicochemical characteristics of alginate depend not
only on the M/G ratio but more fundamentally on the molar frequencies of uronic acid
pairings—specifically, the homopolymeric block structures (FMM; FGG) and the alternating
blocks (FMG/GM). These structural parameters significantly influence the chemical and
physical behavior of alginates, as the stiffness of the polymer chain increases in the order
MM-block < MG-block < GG-block. Therefore, this allows for the classification of alginates
as high-M (FM > 0.7), low-M (FM < 0.6), and intermediate-M (FM, 0.6–0.7) [43]. Based on our
results, the alginate extracted from the E. amentacea algal apices yielded an intermediate-M
(FM = 0.7), which contained a higher homopolymeric fraction (FMM = 0.66; FGG = 0.26)
compared to heteropolymeric blocks (FGM/MG = 0.04), with a predominance of MM-blocks
(η = 0.190), allowing for more flexibility compared to seaweed thalli [44]. A complete
description of the alginate monomer sequence is not possible only through diad analysis
(FGG, FMM, FGM, and FMG), as described previously. Nevertheless, the η parameter, defined
as η = FMG/(FM × FG), can be used to predict the sequence distributions in algal alginates.
Therefore, values of η < 1 indicate the abundance of MM and GG homopolymeric block
types, whereas η = 1 reveals completely random cases, and 1 < η < 2 illustrates alternate-
like cases of MG and GM [30,45]. The calculated η value for the extracted alginate was
0.190 (η < 1), indicating a polymer structure predominantly composed of homopolymeric
block sequences.

Structural characteristics of SA might be tied to the functional and ecological roles of
E. amentacea apices. In fact, E. amentacea is typically found in shallow, intertidal, or upper
subtidal habitats, where it is constantly exposed to strong hydrodynamic forces such as
waves, currents, and tidal fluctuations. In such environments, mechanical flexibility is
critical to preventing structural damage. The apical regions are younger, actively growing
tissues that must maintain structural integrity while still being pliable enough to withstand
water movement. Higher MM content in alginate allows these tissues to bend and flex
without breaking, acting almost like a shock absorber against mechanical stress. More-
over, the apices are also sites of cell division and elongation, requiring a less rigid and
more hydrated cell wall to accommodate expansion [46,47]. Mannuronic acid-rich alginate
forms softer, more elastic gels, which likely facilitate cell wall remodeling during growth
and morphogenesis. Indeed, it is important to note that the composition and structure
of alginate can vary along different parts of the algal body. The stipe or basal regions
may contain more guluronic acid-rich alginate (a lower M/G ratio), which forms stiffer,
more rigid gels (due to GG-block dominance), contributing to mechanical strength and
anchorage. In contrast, the apex may maintain a mannuronic-rich composition specifically
to preserve tissue flexibility, which is essential for both growth and hydrodynamic perfor-
mance in exposed shallow-water habitats [15,48,49]. From a biotechnological perspective,
the structural characteristics of SA are generally very useful for many bioengineering
applications, particularly for the production of soft hydrogels and flexible membranes.
The high mannuronic acid (M) content leads to the formation of softer, more elastic gels
that can better accommodate dynamic environments, ideal for tissue engineering, wound
healing, and drug delivery systems where mechanical adaptability, moisture retention,
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and biocompatibility are critical [50,51]. These hydrogels can closely mimic the natural
extracellular matrix, supporting cell growth and migration [52,53].

The estimated molecular weight (Mw) for our SA extract was remarkably low com-
pared to those reported in previous investigations on alginates from fucales, such as
E. sedoides, C. compressa, and G. barbata, which had Mw values of 1 × 105, 1.4 × 105, and
2 × 105, respectively [33–35]. SA polydispersity index q was around 3.5, indicating a par-
tially hydrolyzed alginate, probably a result of the extraction process [33]. The SA intrinsic
viscosity (37 mL/g) was ten times lower compared to other Cystoseiraceae species, which
were in the range of 283–860 mL/g [33]. These results may be related to our extraction
process, which differs from the standard protocol usually used to purify sodium alginate
(SA). We employed a hydrothermal–alkaline extraction, starting with a thermal treatment
(2 h at 120 ◦C) typically used for fucoidan polysaccharides, followed by a precipitation
with CaCl2 and alkaline treatment to recover the alginate. This approach is sustainable,
as it allows for the simultaneous extraction of both fucoidan and alginate polymers from
the by-products of ex situ algal cultivation for restoration purposes. Thus, our extract
cannot be considered crude alginate due to partial degradation; however, it also cannot be
strictly classified as an oligosaccharide since this is generally between 200 and 4000 Da [54].
Furthermore, we used the apical (new growth) parts of the algae for restoration, which may
also explain the lower molecular weight, as younger tissues contain lower Mw alginate
compared to older parts [15].

The antioxidant potential of seaweed extracts makes them promising candidates for
nutritional, pharmacological, and medical applications [55]. For this reason, the antioxidant
activity of E. amentacea SA extract was evaluated using three different in chemico assays:
overall radical-scavenging activity, Fe3+ reducing power, and nitric oxide (NO) scavenging
activity. The DPPH assay is widely used to assess the free radical-scavenging ability of
compounds and is a reliable method for evaluating the reducing properties of antioxidant
substances [56]. The SA polysaccharide demonstrated a concentration-dependent antiradi-
cal activity. At the highest concentration (1.25 mg/mL), it showed a scavenging potential
exceeding 90%, while at the lowest (0.125 mg/mL), the activity remained slightly above
30%. This result is comparable to that reported by Hentati et al. [35], who studied the
DPPH scavenging activity of SA extracted from C. compressa and found approximately 46%
activity at 0.5 mg/mL. However, this is lower than the scavenging activity observed for SA
extracted from G. barbata, which reached 74% at the same concentration [33]. Moreover,
the E. amentacea SA extract showed an IC50 value of approximately 0.41 mg/mL, which
is lower (more potent) than the alginate extracted from E. sedoides (IC50 = 2 mg/mL [34])
and also lower than that of C. compressa, which showed an IC50 of around 0.56 mg/mL [35].
In general, the DPPH radical-scavenging effect of antioxidant polysaccharides is closely
related to their hydrogen-donating ability. The mechanism of DPPH scavenging has been
associated with several antioxidant processes, including chain inhibition, prevention of
continued hydrogen abstraction, hydrogen donation, and direct radical scavenging [57].
According to the literature, mannuronic acid units form β-(1→4) bonds, resulting in linear
and flexible M-block segments. In contrast, guluronic acid units are connected by α-(1→4)
bonds, introducing steric hindrance around the carboxyl groups, which leads to folded,
rigid conformations in the G-block segments [10]. Based on this information, the high
mannuronic acid content of the extracted SA from E. amentacea may show higher chain
flexibility, thereby exposing more –OH and –COO− groups in M-blocks and enhancing
radical-scavenging activity. In addition, low-molecular-weight alginates obtained by heat
treatment have been reported to exhibit higher antioxidant activity than non-treated al-
ginates [58], which is consistent with the lower molecular weight observed in our SA
extract. These findings suggest that this E. amentacea SA extract possesses promising
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antioxidant properties, making it a potential bioactive molecule for pharmaceutical and
nutraceutical applications.

Following the evaluation of the overall antioxidant capacity of the SA polysaccharide,
its specific scavenging activity against highly reactive oxygen species (ROS) was investi-
gated. This approach aimed to identify which ROS might be most effectively influenced at
the intracellular level by the pharmacological application of E. amentacea SA. This analysis
is particularly relevant, as ROS are commonly produced during oxidative stress and are
closely associated with both acute and chronic inflammatory conditions. The Fe3+-reducing
power of the SA extract was assessed using the potassium ferricyanide method. The re-
ducing power of SA increased with concentration, ranging from 0.067 to 0.535 mg/mL,
and reached an absorbance (A700 nm) of 1.06 at 0.535 mg/mL. This result is consistent
with findings reported by Hentati et al. [35], who observed an A700 of approximately 1.0 at
0.5 mg/mL of SA extracted from C. compressa. Additionally, the reducing power observed
in our study was higher than that reported by Sellimi et al. [33], who measured an A700 of
0.7 at the same concentration of SA extracted from G. barbata. These findings demonstrate
that the E. amentacea SA can act as an effective electron donor, reacting with free radicals
to convert them into more stable, non-reactive species and thereby interrupting radical
chain reactions.

Additionally, the nitric oxide (NO) scavenging activity of the SA polysaccharide was
evaluated. NO radicals are known to cause significant molecular damage both intracel-
lularly and extracellularly under conditions of oxidative stress. Moreover, they function
as secondary messengers in key signal transduction pathways, contributing to the prop-
agation of the inflammatory response [59]. The extracted SA exhibited an in chemico
NO-scavenging activity of 50% at a concentration of 0.417 mg/mL. Although no prior
studies were found in the literature evaluating NO-scavenging activity specifically for
SA, similar activities were reported for ethanol and DMSO extracts of E. amentacea, with
calculated IC50 values of 0.546 mg/mL and 1.293 mg/mL, respectively [60]. However, in
that case, the effect was mostly due to the presence of polyphenols and meroditerpenes
species in those extracts, in the absence of polysaccharides. Notably, also in in vitro exper-
iments, in the LPS-stimulated RAW 264.7 cellular model, after only 8 h, more than 40%
inhibition of NO release in the extracellular medium was observed in the presence of the
SA extract and maintained over time (i.e., up to 24 h). However, this inhibitory activity was
not concentration-dependent, reaching a maximum at 0.2 mg/mL SA and not increasing at
higher amounts. Moreover, the in vitro cellular tests also showed a pronounced inhibition
of LPS-induced iNOS gene overexpression in RAW 264.7 murine macrophages, responsible
for the massive production of NO during the inflammatory response, with over 70% sup-
pression at both 8 and 24 h incubation times in the presence of SA. Conversely, by using two
different commercial SAs characterized by low and medium molecular weights (CL and
CM), we could not obtain the same remarkable inhibition of both NO production and iNOS
expression. In fact, only a slight effect for the two commercial SA was observed (~20% NO
release at 24 h and iNOS overexpression at 8 and 24 h, respectively). These different results
could indicate that the inhibitory effect on this important inflammatory pathway could
be due to the specific chemical composition of each SA and/or to the different molecular
weight and tridimensional conformation of the various SA polymers. These effects are
particularly noteworthy since, in addition to exerting direct antioxidant activity by scav-
enging NO excess produced by this enzyme, E. amentacea SA can also inhibit the upstream
expression of iNOS at the mRNA level, thereby reducing both its transcription and protein
production. This dual mechanism has the potential to effectively diminish the damage
caused by excessive NO. These results are in accordance with those reported for some
alginate oligosaccharides [61,62], indicating a similar effect compared to our low-Mw SA
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hydrothermal extract. Overall, these data demonstrate the very promising activity of the
E. amentacea SA, which could pave the way for the use of this seaweed-derived product as
a tool to reduce inflammatory foci, where the NO overproduction often leads to significant
tissue damage if not counteracted by pharmacological intervention [63].

Inflammation plays a key role in the development of several pathological conditions,
including cancer, obesity, and cardiovascular diseases [64,65]. Toll-like receptors (TLRs),
particularly TLR4, are central to the molecular mechanisms underlying these conditions [66].
When activated by lipopolysaccharide (LPS), TLR4 triggers signaling pathways that lead
to the activation of the transcription factor NF-κB, as well as several kinases, such as
Akt, MAPK, and PI3K. This cascade results in the increased synthesis of inflammation-
related mediators, including prostaglandin E2 (PGE2) and nitric oxide (NO), produced by
the pro-inflammatory enzymes COX-2 and iNOS, respectively, and pro-inflammatory cy-
tokines [67,68]. As a consequence, excessive or chronic inflammation may have detrimental
effects on the body. In this context, polymers such as alginate have been widely studied
for their anti-inflammatory properties, owing to their high biocompatibility [69–71]. In
addition to its notable antioxidant and NO-scavenging activity, SA extracted from E. amen-
tacea demonstrated significant anti-inflammatory effects. These effects were observed in
both RAW 264.7 murine macrophages and differentiated human THP-1 M0 macrophages
following LPS treatment for 8 and 24 h. Notably, in both cell lines, the SA extract at 24 h
significantly reduced the expression levels of key pro-inflammatory cytokines, including
IL-6, IL-8/CXCL5, and TNF-α, which are crucial mediators in propagating inflammatory
signals and recruiting immune cells to the site of inflammation. The anti-inflammatory
potential of our SA extract was especially evident in human THP-1 M0 macrophages, where
the suppression effect of IL-6, IL-8, MCP-1, and TNF-α was even more prominent than in
murine macrophages.

Conversely, by using the same dose of SA for a shorter incubation time in the presence
of LPS (8 h), we observed inhibitory effects only on some inflammatory mediators in
RAW 264.7 murine macrophages. Specifically, the expression levels of IL-6, CXCL5 (i.e.,
the functional homolog of human IL-8 in mice), and iNOS were significantly suppressed,
whereas IL-1β and TNF-α expression levels showed an increase, while COX-2 remained
unaffected by the presence of E. amentacea SA. Thus, there is a limitation in the anti-
inflammatory potential of the new SA extract, which is indeed absent for LPS-induced IL1-
β and COX-2, where no efficacy could be claimed. At the same time, parallel experiments
performed on commercial CL and CM SA showed the very low anti-inflammatory potential
of these two polymers as compared to the E. amentacea SA extract. The inhibitory effect
was only observed by use of the medium-molecular-weight SA (CM) versus IL-6, IL-8,
TNF-α, and MCP-1 cytokine overexpression, indicating different degrees of efficacy of
the various SA obtained from marine organisms. Our results indicate that this inhibitory
potential likely depends both on the different monomer chemical composition, as well as
on the average molecular weight of the polysaccharide extracted, since our SA shows a
significantly lower Mw as compared to the commercial ones. Notably, all SAs tested in this
study failed to exert any inhibition of COX-2 overexpression and also caused a significant IL-
1β increase in the presence of LPS early stimulation (8 h) in murine macrophages, indicating
that these polysaccharides may act at different levels of the various cytokine induction
pathways, with different results for each cytokine. Furthermore, the two commercial
SAs caused a significant increase in IL-1β and IL-6 at 24 h in LPS-stimulated murine
macrophages, and these results are partially comparable to those reported by Yang and
Jones [72], who demonstrated that SA stimulated RAW 264.7 macrophages, increasing the
levels of pro-inflammatory cytokines IL-1β, IL-6, IL-12, and TNF-α and activating innate
immune responses through NF-κB signaling. This pro-inflammatory effect was attributed
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to an SA containing high proportions of M- and MG-blocks. Similar observations have
been reported in other studies [15]. While these findings partially align with our results,
we observed a contrasting outcome, in that E. amentacea SA at the same incubation time
significantly inhibited the expression of IL-6, CXCL5, and iNOS, and even more at longer
incubation times. Indeed, at 24 h of incubation, where most cytokines were significantly
inhibited by the E. amentacea SA, both in murine and human macrophages, our findings
are in contrast with previous reports that suggest that high mannuronic acid content in
SA enhances its immunogenicity and promotes immunostimulatory effects [73,74]. In
fact, the SA used in this study, composed of 70% mannuronic acid and 30% guluronic
acid, exhibited significant anti-inflammatory and antioxidant activities in two macrophage
cellular models. Since our E. amentacea SA showed a lower average molecular weight than
other alginates, we may at least partially attribute the anti-inflammatory effect exerted
on immune cells to this difference, other than the presence of other components in the
SA extracts from other marine organisms, as compared to the one we obtained through
a hydrothermal process from this brown seaweed. Notably, it is frequently reported that
brown algae alginate extracts retain low levels of phenolic compounds [34,35,42,75,76]
and that achieving completely phenolic-free alginate from brown seaweed is technically
challenging [42]. Thus, although sodium alginate represents the largely predominant
component of the E. amentacea extract and is likely to play a major role in the biological
effects observed, a partial contribution of residual polyphenols cannot be excluded.

These in vitro results for E. amentacea SA in immune cells also demonstrate promis-
ing therapeutic potential for in vivo systems, where dampening these signals is essential
to extinguishing inflammatory foci and reducing the possibility of the chronicization of
the process since all the above-mentioned cytokines are involved in feeding and prop-
agating the inflammation at the tissue level [77]. Notably, the ability of the SA extract
to inhibit a wide range of critical inflammatory mediators—including cytokines and NO
synthase—suggests that its mechanism of action may occur upstream in the inflammatory
signaling cascade. This could involve interference with key signals, like an intracellular
ROS increase, for example, which is known to activate transduction pathways that lead
to macrophage activation and subsequent changes in gene expression profiles during the
inflammatory response [78]. Similar to our findings in vitro, other authors have reported
the anti-inflammatory effects of alginate in in vivo studies. Indeed, various forms of al-
ginate, from oligosaccharides to microspheres or hydrogels, have already been used to
alleviate ulcerative colitis and joint inflammatory disorder symptoms with promising leni-
tive and anti-inflammatory outcomes [63,79–81]. Furthermore, alginate has been shown
to exert local anti-inflammatory effects, and it is already in use for rectal administration
in the treatment of chronic hemorrhoids, proctosigmoiditis, and chronic anal fissures fol-
lowing surgical interventions in the rectal region [82]. Additionally, alginate has been
reported to promote mucous membrane regeneration, suppress gastric inflammation, and
support the restoration of intestinal microbial flora. These polymers have also demon-
strated beneficial effects in treating inflammation of the gastric and esophageal mucosa,
as well as radiation-induced stomatitis [83]. Notably, the SA extracted from E. amentacea
would add the remarkable NO-scavenging effect and inhibition of iNOS production to
the already known properties of polysaccharides, increasing the pharmacological success
of alginate therapies in all the above-mentioned diseases. Thus, many possibilities for
employment seem to lie ahead for this SA extract obtained from E. amentacea Mediterranean
brown seaweed.
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4. Materials and Methods

4.1. Chemicals

Ethanol, CaCl2 Na2CO3, HCl, NaOH, phenol, H2SO4, glucose, uronic acid, carbazole,
Bradford reagent, Folin–Ciocalteu reagent, D2O, 2,2-diphenyl-1-picrylhydrazyl (DPPH),
ascorbic acid, Na2HPO4, potassium ferricyanide, trichloroacetic acid, FeCl3, sodium nitro-
prusside, Griess reagent, NaNO2, 3-(4,5-dimethyl-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), lipopolysaccharide (LPS), SDS, DTT, glycerol, and TRIS-HCl, alginic acid low viscos-
ity, and alginic acid medium viscosity were purchased from Sigma-Aldrich (Milan, Italy).
DMEM medium, fetal bovine serum (FBS), and RPMI 1640 medium were acquired from
Microtech srl (Naples, Italy). Phorbol-12-myristate 13-acetate (PMA) was purchased from
PeproTech EC (London, UK). RNeasy Mini Kit was obtained from Qiagen (Milan, Italy).
cDNA Synthesis Kit and 4× CAPITAL™ qPCR Green Master Mix were acquired from
biotechrabbit GmbH (Henningsdorf, Germany).

4.2. Raw Material

In the Ligurian Sea (Northwestern Mediterranean), apices of Ericaria amentacea were
harvested in the midlittoral zone, on exposed rocky shores, in Bogliasco, Genoa (NW Italy,
44 2◦2′40.37′′ N–9◦4035.14′′ E), in the summer of 2023. After retrieval, the apices were
stored in plastic bags kept in cold conditions and immediately transported to the DISTAV
laboratory at the University of Genoa. The biomass was thoroughly washed with sterilized
seawater to remove sand particles and epiphytes. In the culture facility, the apices were
used to seed restoration units following the protocol by Falace et al. [28]. After the release
of gametes, the waste biomass from the ex situ culture step was dried at 55 ◦C for 22 h
in the dark to prevent any possible degradation associated with light. The dried sample
material was ground using a blender, passed through a 0.5 mm sieve, and kept in plastic
bags at −20 ◦C until use.

4.3. Sodium Alginate Extraction

E. amentacea sodium alginate was extracted by hydrothermal–alkaline extraction [35,84]
with some editing (Figure 8). Initially, 10 g of dried apex seaweed powder underwent mild
depigmentation and delipidation in EtOH (80% v/v, 24 h). Afterward, the residue was
subjected to a thermal treatment at 120 ◦C for 1 h in an autoclave (Vapor matrc 770, Asal srl,
Milan, Italy). The extraction was performed in duplicate, and solids were separated from
the liquid by centrifugation (3040 rpm, 13 min). A solution of 35% CaCl2 was added to the
supernatant, corresponding to 1% CaCl2 final concentration, and kept at 4 ◦C overnight.
Subsequently, the wet pellet obtained after centrifugation was treated with 100 mL of
Na2CO3 (3% (w/v), pH = 11) at 60 ◦C for 2 h under stirring (the supernatant was stocked at
−20 ◦C for fucoidan extraction). After centrifugation at 4000 rpm for 25 min at 4 ◦C, the
supernatant was treated with 2 volumes of 96% ice-cold ethanol (−20 ◦C) for 15 min, with
slight manual stirring, for polysaccharides precipitation. The precipitate was separated
by centrifugation (4000 rpm, 45 min, 4 ◦C), resolubilized in deionized water, and then
acidified with 6 M HCl to precipitate the alginic acid at a pH value of 1.5 ≤ pH ≤ 3. The
pellet formed after centrifugation (4000 rpm, 30 min, 4 ◦C) was resuspended in 40 mL
of deionized water and neutralized (pH = 7.5) with an aqueous NaOH (1 M) solution.
The obtained sodium alginate (SA) was finally precipitated with two volumes of ice-cold
ethanol (96%) for 15 min, and the resulting suspension was centrifuged at 4000 rpm for
45 min at 4 ◦C. Finally, the polysaccharide pellet was solubilized (50 g/L) and lyophilized
to obtain the SA. The yield was calculated using the equation below:

Yield of SA (%) = (weight of SA/weight of seaweed dried biomass) ×100
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Figure 8. Processing steps for the extraction of alginate from E. amentacea dry seaweed biomass.

4.4. Physicochemical Characterization
4.4.1. Centesimal Composition

Total sugars in SA were measured by the phenol-H2SO4 method [85], using glucose as
a standard. Meanwhile, uronic acids were determined using the carbazole method [86] and
glucuronic acid as a standard. The quantification of protein and polyphenol contents was
accomplished using the Bradford [87] and Folin–Ciocalteu methods [88], respectively.

4.4.2. Spectral Analyses

• Fourier-transform infrared spectroscopy

The Fourier-transform infrared (FTIR) spectra of the SA were analyzed to identify
the possible functional groups as a variation in functional groups in the standard, using a
Bruker Vertex 70 spectrometer (Bruker, Milan, Italy). The spectrum was recorded over the
range 4000–400 cm−1 with 128 scans at a resolution of 2 cm−1 by using the platinum ATR:
a single reflection diamond ATR sampling accessory.

• NMR spectroscopy

SA was dissolved in D2O (99.9% D) at a concentration of 6 g/L. After dissolution, the
sample was freeze-dried, resulting in sodium alginate with exchangeable protons replaced
by deuterium. In total, this step was performed 3 times. Before analysis, the SA-lyophilized
sample was dissolved again in D2O (99.9% D) at a concentration of 8.5 g/L. NMR spectra
were obtained at 80 ◦C using a Jeol JNM-ECZ400R (Akishima, Tokyo, Japan) (400 MHz
for 1H) with a Royal HFX probe. All NMR spectra were analyzed using the software
MestReNova (Mestrelab Research® v. 14.2) (Santiago de Compostela, Spain). A spectral
width of 4000 Hz was used to acquire the data obtained under the following acquisition
parameters: acquisition mode = 2 s, pulse 90◦ = 8 μsec, scans = 64, recovery = 5 s (for a
complete return after the 90◦ pulse).

4.4.3. Molecular Weight, Viscosity, and Polydispersity Determination

The molecular weight of extracted alginate was determined using intrinsic viscosity
[η] measurements obtained via a capillary viscometer. The viscosimetric average molecular

https://doi.org/10.3390/md2401004119



Mar. Drugs 2026, 24, 41

weight, Mv, was estimated using the Mark–Houwink–Sakurada equation, which relates
the intrinsic viscosity to the molecular weight of the polymer:

[η] = kMv
α

where k (cm3/g) and α are parameters obtained from the literature and depend on the
polymer–solvent system and temperature.

A known amount of polymer was dissolved in a 0.1 mol/L NaCl solution, as most of
the Mark–Houwink parameters reported in the literature for alginate were determined using
measurements in this aqueous medium to prevent polyelectrolyte expansion in solution.

For measurements at 20 ◦C, with alginate in solution of 0.1 mol/L NaCl, K assumes a
value of 4.85 × 10−3 cm3/g and α of 0.97 [89].

The weight average molecular mass, Mw, and the number average molecular mass,
Mn, were then calculated by means of empirical equations with constants reported in [90],
and the polydispersity index q (Mw/Mn) was determined.

4.5. Biological Activities
4.5.1. Antioxidant Activity

• DPPH radical-scavenging activity

The DPPH (2,2-diphenyl-1-picrylhydrazyl) radical-scavenging capacity of SA was
evaluated by Kirby and Schmidt’s method [91]. Briefly, 500 μL of the samples at different
concentrations (from 0.125 to 1.25 mg/mL) was mixed with ethanol (99%, 375 μL) and a
DPPH solution in ethanol (125 μL, 0.02% (w/v)). The solution was incubated for 30 min at
room temperature in the dark. The absorbance was read at λ = 517 nm using a NanoDrop
One/Onec spectrophotometer (ThermoFisher, Milan, Italy). Ascorbic acid was used as a
positive standard, and then, the DPPH scavenging activity was estimated following the
equation below:

DPPH radical-scavenging activity %= ((Acontrol + Ablank) − Asample)/Acontrol × 100

where Acontrol, Ablank, and Asample are, respectively, the absorbance of the control reaction
(absence of sample), the blank (without DPPH solution), and the SA extracts in the DPPH
solution. The procedure was carried out in duplicate.

• Reducing Fe (III) Power Assay

The ability of sodium alginate to reduce iron (III) was determined using the method
reported by Sampath Kumar et al. [92]. SA dilutions (0.067–0.535 mg/mL) were mixed with
250 μL of 200 mM phosphate buffer (pH 6.6) and 250 μL of 1% potassium ferricyanide. The
mixture was incubated at 50 ◦C for 30 min, and then, 250 μL of 10% (w/v) trichloroacetic
acid was added. The mixture was then centrifuged at 10,000 rpm for 10 min. In total,
500 μL of the supernatant was mixed with 500 μL of deionized water and 100 μL of 0.1%
(w/v) FeCl3. After 10 min, the absorbance was measured at λ = 700 nm using a NanoDrop
One/Onec spectrophotometer. The procedure was performed in duplicate. The negative
control was produced by replacing the samples with water, while the positive control
consisted of ascorbic acid. Results were expressed as absorbance of Fe2+ at 700 nm at
different concentrations.

• NO-Scavenging Activity

NO-scavenging activity was determined using the assay reported by Xu et al. [93].
Various dilutions of SA (from 0.042 to 0.417 mg/mL) in 250 μL of phosphate buffer (0.1 M,
pH 7.4) were added to 500 μL of 5 mM sodium nitroprusside and 250 μL of phosphate
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buffer (pH 7.4). To produce NO, samples were incubated under the light of a lamp at room
temperature for 30 min. Afterward, an equal volume of Griess reagent was added to the
mixture. After incubation at room temperature for 10 min in the dark, the absorbance
was measured at 546 nm through a NanoDrop One/Onec spectrophotometer. For the
calibration curve, NaNO2 scalar dilutions were used (1–5–10–50 μM).

4.5.2. Anti-Inflammatory Activity

• Cell culture

The murine RAW 264.7 cell line and the human THP-1 cell line were acquired from
the American Type Culture Collection (LGC Standards srl, Milan, Italy). RAW 264.7 cells
were cultured in high-glucose D-MEM with L-glutamine, supplemented with 10% FBS
(Microtech srl, Naples, Italy). THP-1 cells were maintained in RPMI 1640 supplemented
with 10% FBS (Microtech). Cell incubation was carried out in 5% CO2 atmosphere, 95%
humidity, and 37 ◦C temperature for both cell types.

• Cytotoxicity assay

Cell viability was assessed with the MTT (3-(4,5-dimethyl-2-yl)-2,5- diphenyltetra-
zolium bromide) reduction assay, as reported in Pozzolini et al. [90]. Seeding of RAW
264.7 macrophages was carried out at a density of 2.5 × 104 cells/well in 96-well plates.
THP-1 monocytes were seeded at a density of 5 × 104 cells/well in 96-well plates, and dif-
ferentiation into M0 macrophages was performed by treatment with 20 ng/mL of phorbol
myristate acetate (PMA) for 48 h. Both cell lines were treated by adding SA at different con-
centrations (0.05, 0.1, 0.2, and 0.4 mg/mL) for 24 h at 37 ◦C. Experiments were performed
in quintuplicate.

• NO-Scavenging in LPS-Treated RAW 264.7 Macrophages

RAW 264.7 macrophages were seeded at 1 × 106 cells/well in 6-well plates for 24 h.
Cells were then challenged with bacterial lipopolysaccharide (LPS, 100 ng/mL) in the
presence or absence of SA (0.2 and 0.4 mg/mL) or low and medium viscosity alginic acid
(CL and CM, respectively, 0.4 mg/mL) for 8 and 24 h. Afterward, the nitrite content of the
cell media was measured by the Griess assay [94], while cells were lysed in 300 μL of lysis
buffer (2% SDS, 100 mM DTT, 10% glycerol, and 50 mM TRIS-HCl, adjusted to pH 6.8). The
lysates were heated at 100 ◦C for 10 min, and the quantification of protein concentration
was performed by the Bradford assay [87]. Nitrite production in each sample was then
calculated using a standard NaNO2 curve and normalized on the protein content.

• Gene expression analysis of inflammatory mediators

RAW 264.7 macrophages were plated at a density of 1 × 106 cells/ well in 6-well
plates. Instead, THP-1 monocytes were seeded at a density of 5 × 105 cells/well in 6-well
plates and differentiated into M0 macrophages by treatment with 20 ng/mL PMA for
48 h. Both cell types were challenged with LPS (100 ng/mL) in the presence or absence
of SA (0.2 and 0.4 mg/mL for RAW 264.7 macrophages and 0.4 mg/mL for THP-1 M0
cells), or of CL or CM at 0.4 mg/mL for both cell lines, for 8 and 24 h. At the end of
each incubation, the RNA was extracted using the RNeasy Mini Kit (Qiagen, Milan, Italy),
according to the manufacturer’s instructions. Quality and quantity of RNA were analyzed
using a NanoDrop One/Onec spectrophotometer. The cDNA was synthesized from 1 μg
of RNA by using a cDNA Synthesis Kit (biotechrabbit GmbH, Henningsdorf, Germany).
Gene expression of the inflammatory mediators interleukin 1 β(IL-1β), interleukin-6 (IL-
6), interleukin-8 (IL-8), tumor necrosis factor (TNF-α), cyclooxygenase-2 (COX-2), and
monocyte chemoattractant protein-1 (MCP-1) was quantified by qPCR for THP-1 M0 cells.
Moreover, the gene expressions of IL-1β, IL-6, TNF-α, COX-2, inducible NO synthase
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(iNOS), and C-X-C Motif Chemokine Ligand 5 (CXCL5) were also quantified in RAW
264.7 macrophages. Gene expression values were normalized on HPRT-1 and GAPDH
housekeeping genes for THP-1 M0 cells and RAW 264.7 macrophages, respectively.

Each qPCR reaction was performed in 10 μL of 4× master mix (biotechrabbit GmbH),
0.2 μM of each primer, and 5 ng of cDNA. All samples were analyzed in triplicate. The
following thermal conditions were used: initial denaturation at 95 ◦C for 3 min, followed
by 45 cycles with denaturation at 95 ◦C for 15 s, and annealing and elongation at 60 ◦C
for 60 s. The fluorescence was measured at the end of each elongation step. All primers
(Table 4) were designed using the Beacon Designer 7.0 software (Premier Biosoft Interna-
tional, Palo Alto, CA, USA) and obtained from TibMolBiol (Genova, Italy). Data analyses
were obtained using the DNA Engine Opticon 3 Real-Time Detection System Software
program (3.03 version), and in order to calculate the relative gene expression compared to
an untreated (control) calibrator sample, the comparative threshold Ct method was used
within the Gene Expression Analysis for iCycler iQ Real Time Detection System software
v3.1 (Bio-Rad, Milan, Italy).

Table 4. List of primer pairs used in the qPCR analyses. h- indicates human genes, m- indicates
murine genes.

Gene GenBank (a.n.) Forward Reverse
Product

Size (bp)

h-IL-1β NM_000576.3 TgATggCTTATTACAGTggCAATg gTAgTggTggTCggAgATTCg 140
h-IL-6 NM_001318095.2 CAgATTTgAggTAgTgAggAAC CgCAgAATgAgATgAgTTgTC 194
h-IL-8 NM_000584.4 AATTCATTCTCTgTggTATC CCAggAATCTTgTATTgC 127

h-MCP-1 NM_002982 CTTCTgTgCCTgCTgCTC CTTgCTgCTggTgATTCTTC 156
h-TNF-α NM_000594.4 gTgAggAggACgAACATC gAGCCAgAAgAggTTgAg 113
h-HPRT-1 NM_000194.3 ggTCAggCAgTATAATCCAAAg TTCATTATAgTCAAgggCATATCC 144

m-IL-1β NM_008361.4 gCAgCACATCAACAAgAg CAgCAggTTATCATCATCATC 184
m-IL-6 NM_031168.2 ACCTgTCTATACCACTTC gCATCATCgTTgTTCATA 117

m-CXCL5 NM_009141.3 TgCTTAACCgTAACTCCAA ATCCAgACAgACCTCCTT 129
m-iNOS NM_010927.4 CCgCCgCTCTAATACTTA TTCATCAAggAATTATACAggAA 121

m-TNF-α NM_013693.3 CCACCATCAAggACTCAA ATCTTATCCAgCCTCATTCT 120
m-COX-2 NM_011198.5 CCAgCAAAgCCTAgAgCAAC AgCACAAAACCAggATCAgg 127

m-GAPDH NM_001289726.1 TCTCCCTCACAATTTCCATCCCAg gggTgCAGCgAACTT TATTgATgg 99

4.6. Statistical Analysis

Statistical analyses were performed using one-way ANOVA and a paired Tukey’s
post-test to assess significant differences (GraphPad Software, Inc., San Diego, CA, USA).
* p <0.05 and ** p < 0.01 were considered significant.

5. Conclusions

Sodium alginate (SA) isolated from seaweed apices discarded from an ex situ cul-
tivation procedure during the restoration of Ericaria amentacea in the Ligurian Sea was
characterized using spectroscopic and intrinsic viscosity methods, including FTIR and
1H NMR. These marine polymers were characterized by low molecular weight compared
to other alginates and exhibited notable antioxidant properties, as demonstrated by vari-
ous chemical assays. Additionally, SA showed significant anti-inflammatory activity by
modulating LPS-induced inflammatory mediators, including IL-6, IL-8/CXCL5, MCP-1,
and TNF-α gene expression, in both human THP-1 M0 macrophages and RAW 264.7
murine macrophages. Furthermore, we showed the remarkable NO radical-scavenging
capacity and a significant gene expression inhibition of iNOS, the enzyme responsible
for its production in macrophages, suggesting possible pharmacological use of E. amen-
tacea SA in counteracting the damaging effects of exacerbated inflammation at the tissue
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level. These findings highlight the potential of E. amentacea polysaccharides, especially
when sustainably sourced from restoration procedure waste, for future industrial and
biomedical applications.
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The following abbreviations are used in this manuscript:

ANOVA Analysis of variance
COX-2 Cyclooxygenase-2
CXCL5 C-X-C Motif Chemokine Ligand 5
DNA Deoxyribonucleic acid
DPPH 2,2-diphenyl-1-picrylhydrazyl
FTIR Fourier-transform infrared
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
HPRT-1 Hypoxanthine-guanine phosphoribosyltransferase 1
IL-1β Interleukin 1 beta
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IL-6 Interleukin 6
IL-8 Interleukin 8
iNOS Inducible nitric oxide synthase
LPS Lipopolysaccharide
MCP-1 Monocyte chemoattractant protein-1
MTT 3-(4,5-dimethyl-2-yl)-2,5- diphenyltetrazolium bromide
NMR Nuclear Magnetic Resonance
NO Nitric oxide
PMA Phorbol myristate acetate
qPCR Quantitative polymerase chain reaction
RNA Ribonucleic acid
ROS Reactive oxygen species
SA Sodium alginate
TNF-α Tumor necrosis factor alpha
UV Ultraviolet

References

1. Draget, K.I.; Moe, S.T.; Skjåk-Bræk, G.; Smidsrød, O. Alginates. In Food Polysaccharides and Their Applications; Stephen, A.M.,
Phillips, G.O., Williams, P.A., Eds.; CRC Press: Boca Raton, FL, USA, 2006; pp. 159–178.

2. Stengel, D.B.; Connan, S. Marine algae: A source of biomass for biotechnological applications. In Natural Products from Marine
Algae: Methods and Protocols; Springer: New York, NY, USA, 2015; pp. 1–37. [CrossRef]

3. FAO. Capture and Global Production Databases; FAO United Nations: Rome, Italy, 2021.
4. Twigg, G.; Fedenko, J.; Hurst, G.; Stanley, M.S.; Hughes, A.D. A review of the current potential of European brown seaweed for

the production of biofuels. Energy Sustain. Soc. 2024, 14, 21. [CrossRef]
5. Mahmoud, M.S.; Mohamed, S.A. Calcium alginate as an eco-friendly supporting material for Baker’s yeast strain in chromium

bioremediation. HBRC J. 2017, 13, 245–254. [CrossRef]
6. Rinaudo, M. Main properties and current applications of some polysaccharides as biomaterials. Polym. Int. 2008, 57, 397–430.

[CrossRef]
7. Stanford, E.C.C. Improvements in the Manufacture of Useful Products from Seaweeds. British Patent 142, 12 January 1881.
8. Kloareg, B.; Quatrano, R.S. Structure of the cell walls of marine algae and ecophysiological functions of the matrix polysaccharides.

Oceanogr. Mar. Biol. Annu. Rev. 1988, 26, 259–315.
9. Larsen, B.; Salem, D.M.; Sallam, M.A.; Mishrikey, M.M.; Beltagy, A.I. Characterization of the alginates from algae harvested at the

Egyptian Red Sea coast. Carbohydr. Res. 2003, 338, 2325–2336. [CrossRef] [PubMed]
10. Yang, J.S.; Xie, Y.J.; He, W. Research progress on chemical modification of alginate: A review. Carbohydr. Polym. 2011, 84, 33–39.

[CrossRef]
11. Hachemi-Benmalek, N.; Nouani, A.; Benchabane, A. Valorization of brown algae (Cystoseira caespitosa) from local region in Algeria

for sodium alginate extraction and their application in the immobilization of microbial pectinases. Alger. J. Environ. Sci. Technol.
2019, 5, 1155–1162.

12. Lee, K.Y.; Mooney, D.J. Alginate: Properties and biomedical applications. Prog. Polym. Sci. 2012, 37, 106–126. [CrossRef]
13. Li, Y.; Hu, M.; Du, Y.; Xiao, H.; McClements, D.J. Control of lipase digestibility of emulsified lipids by encapsulation within

calcium alginate beads. Food Hydrocoll. 2011, 25, 122–130. [CrossRef]
14. Hecht, H.; Srebnik, S. Structural characterization of sodium alginate and calcium alginate. Biomacromolecules 2016, 17, 2160–2167.

[CrossRef]
15. Kokova, V.; Lukova, P.; Baldzhieva, A.; Katsarov, P.; Delattre, C.; Molinié, R.; Apostolova, E. Extraction, structural characterization,

and in vivo anti-inflammatory effect of alginate from Cystoseira crinita (Desf.) Borry harvested in the Bulgarian Black Sea. Mar.
Drugs 2023, 21, 245. [CrossRef]

16. Ricker, M.A.; Haas, W.C. Anti-inflammatory diet in clinical practice: A review. Nutr. Clin. Pract. 2017, 32, 318–325. [CrossRef]
17. Ferrero-Miliani, L.; Nielsen, O.H.; Andersen, P.S.; Girardin, S. Chronic inflammation: Importance of NOD2 and NALP3 in

interleukin-1β generation. Clin. Exp. Immunol. 2007, 147, 227–235. [CrossRef] [PubMed]
18. Sanada, F.; Taniyama, Y.; Muratsu, J.; Otsu, R.; Shimizu, H.; Rakugi, H.; Morishita, R. Source of chronic inflammation in aging.

Front. Cardiovasc. Med. 2018, 5, 12. [CrossRef] [PubMed]
19. Valentine, J.S.; Wertz, D.L.; Lyons, T.J.; Liou, L.L.; Goto, J.J.; Gralla, E.B. The dark side of dioxygen biochemistry. Curr. Opin. Chem.

Biol. 1998, 2, 253–262. [CrossRef] [PubMed]

https://doi.org/10.3390/md2401004124



Mar. Drugs 2026, 24, 41

20. Circu, M.L.; Aw, T.Y. Reactive oxygen species, cellular redox systems, and apoptosis. Free Radic. Biol. Med. 2010, 48, 749–762.
[CrossRef]

21. Stadtman, E.R.; Levine, R.L. Protein oxidation. Ann. N. Y. Acad. Sci. 2000, 899, 191–208. [CrossRef]
22. Marnett, L.J. Oxyradicals and DNA damage. Carcinogenesis 2000, 21, 361–370. [CrossRef]
23. Ylä-Herttuala, S. Oxidized LDL and atherogenesis. Ann. N. Y. Acad. Sci. 1999, 874, 134–137. [CrossRef]
24. Nordberg, J.; Arnér, E.S. Reactive oxygen species, antioxidants, and the mammalian thioredoxin system. Free Radic. Biol. Med.

2001, 31, 1287–1312. [CrossRef]
25. Falace, A.; Marletta, G.; Savonitto, G.; Candotto Carniel, F.; Srijemsi, M.; Bevilacqua, S.; Alongi, G. Is the South-Mediterranean

canopy-forming Ericaria giacconei (= Cystoseira hyblaea) a loser from ocean warming? Front. Mar. Sci. 2021, 8, 760637. [CrossRef]
26. De La Fuente, G.; Chiantore, M.; Asnaghi, V.; Kaleb, S.; Falace, A. First ex situ outplanting of the habitat-forming seaweed

Cystoseira amentacea var. stricta from a restoration perspective. PeerJ 2019, 7, e7290. [CrossRef]
27. Clausing, R.J.; De La Fuente, G.; Falace, A.; Chiantore, M. Accounting for environmental stress in restoration of intertidal

foundation species. J. Appl. Ecol. 2023, 60, 305–318. [CrossRef]
28. Falace, A.; Kaleb, S.; De La Fuente, G.; Asnaghi, V.; Chiantore, M. Ex situ cultivation protocol for Cystoseira amentacea var. stricta

(Fucales, Phaeophyceae) from a restoration perspective. PLoS ONE 2018, 13, e0193011. [CrossRef]
29. Belattmania, Z.; Kaidi, S.; El Atouani, S.; Katif, C.; Bentiss, F.; Jama, C.; Vasconcelos, V. Isolation and FTIR-ATR and 1H NMR

characterization of alginates from the main alginophyte species of the Atlantic coast of Morocco. Molecules 2020, 25, 4335.
[CrossRef] [PubMed]

30. Grasdalen, H.; Larsen, B.; Smidsrød, O. A PMR study of the composition and sequence of uronate residues in alginates. Carbohydr.
Res. 1979, 68, 23–31. [CrossRef]

31. Ilmi, Z.N.; Wulandari, P.A.C.; Husen, S.A.; Winarni, D.; Alamsjah, M.A.; Awang, K.; Pudjiastuti, P. Characterization of alginate
from Sargassum duplicatum and the antioxidant effect of alginate–okra fruit extracts combination for wound healing on diabetic
mice. Appl. Sci. 2020, 10, 6082. [CrossRef]

32. Zrid, R.; Bentiss, F.; Ali, R.A.B.; Belattmania, Z.; Zarrouk, A.; Elatouani, S.; Sabour, B. Potential uses of the brown seaweed
Cystoseira humilis biomass: 1-Sodium alginate yield, FT-IR, 1H NMR and rheological analyses. J. Mater. Environ. Sci. 2016, 7,
613–620.

33. Sellimi, S.; Younes, I.; Ayed, H.B.; Maalej, H.; Montero, V.; Rinaudo, M.; Nasri, M. Structural, physicochemical and antioxidant
properties of sodium alginate isolated from a Tunisian brown seaweed. Int. J. Biol. Macromol. 2015, 72, 1358–1367. [CrossRef]

34. Hadj Ammar, H.; Hafsa, J.; Le Cerf, D.; Bouraoui, A.; Majdoub, H. Antioxidant and gastroprotective activities of polysaccharides
from the Tunisian brown algae (Cystoseira sedoides). J. Tunis. Chem. Soc. 2016, 18, 80–88.

35. Hentati, F.; Delattre, C.; Ursu, A.V.; Desbrières, J.; Le Cerf, D.; Gardarin, C.; Pierre, G. Structural characterization and antioxidant
activity of water-soluble polysaccharides from the Tunisian brown seaweed Cystoseira compressa. Carbohydr. Polym. 2018, 198,
589–600. [CrossRef]

36. Manns, D.; Nielsen, M.M.; Bruhn, A.; Saake, B.; Meyer, A.S. Compositional variations of brown seaweeds Laminaria digitata and
Saccharina latissima in Danish waters. J. Appl. Phycol. 2017, 29, 1493–1506. [CrossRef]

37. Westermeier, R.; Murúa, P.; Patiño, D.J.; Muñoz, L.; Ruiz, A.; Müller, D.G. Variations of chemical composition and energy content
in natural and genetically defined cultivars of Macrocystis from Chile. J. Appl. Phycol. 2012, 24, 1191–1201. [CrossRef]

38. Kaidi, S.; Bentiss, F.; Jama, C.; Khaya, K.; Belattmania, Z.; Reani, A.; Sabour, B. Isolation and structural characterization of alginates
from the kelp species Laminaria ochroleuca and Saccorhiza polyschides from the Atlantic Coast of Morocco. Colloids Interfaces 2022, 6,
51. [CrossRef]

39. Draget, K.; Smidsrod, O.; Skjak-Bræk, G. Alginates from algae. In Biopolymers Online; Wiley-VCH Verlag GmbH & Co. KGaA:
Weinheim, Germany, 2005; pp. 1–30. [CrossRef]

40. Lorbeer, A.J.; Charoensiddhi, S.; Lahnstein, J.; Lars, C.; Franco, C.M.; Bulone, V.; Zhang, W. Sequential extraction and characteriza-
tion of fucoidans and alginates from Ecklonia radiata, Macrocystis pyrifera, Durvillaea potatorum, and Seirococcus axillaris. J. Appl.
Phycol. 2017, 29, 1515–1526. [CrossRef]

41. García-Ríos, V.; Ríos-Leal, E.; Robledo, D.; Freile-Pelegrín, Y. Polysaccharides composition from tropical brown seaweeds.
Phycolog. Res. 2012, 60, 305–315. [CrossRef]

42. El-Sheekh, M.; Kassem, W.M.; Alwaleed, E.A.; Saber, H. Optimization and characterization of brown seaweed alginate for
antioxidant, anticancer, antimicrobial, and antiviral properties. Int. J. Biol. Macromol. 2024, 278, 134715. [CrossRef] [PubMed]

43. Panikkar, R.; Brasch, D.J. Composition and block structure of alginates from New Zealand brown seaweeds. Carbohydr. Res. 1996,
293, 119–132. [CrossRef]

44. Kelly, B.J.; Brown, M.T. Variations in the alginate content and composition of Durvillaea antarctica and D. willana from southern
New Zealand. J. Appl. Phycol. 2000, 12, 317–324. [CrossRef]

45. Rioux, L.E.; Turgeon, S.L.; Beaulieu, M. Characterization of polysaccharides extracted from brown seaweeds. Carbohydr. Polym.
2007, 69, 530–537. [CrossRef]

https://doi.org/10.3390/md2401004125



Mar. Drugs 2026, 24, 41

46. Krumhansl, K.A.; Demes, K.W.; Carrington, E.; Harley, C.D. Divergent growth strategies between red algae and kelps influence
biomechanical properties. Am. J. Bot. 2015, 102, 1938–1944. [CrossRef]

47. Beuder, S.; Braybrook, S.A. Brown algal cell walls and development. Semin. Cell Dev. Biol. 2023, 134, 103–111. [CrossRef]
48. Craigie, J.S.; Morris, E.R.; Rees, D.A.; Thom, D. Alginate block structure in phaeophyceae from Nova Scotia: Variation with

species, environment and tissue-type. Carbohydr. Polym. 1984, 4, 237–252. [CrossRef]
49. Gheorghita Puscaselu, R.; Lobiuc, A.; Dimian, M.; Covasa, M. Alginate: From food industry to biomedical applications and

management of metabolic disorders. Polymers 2020, 12, 2417. [CrossRef]
50. Jiao, W.; Chen, W.; Mei, Y.; Yun, Y.; Wang, B.; Zhong, Q.; Chen, W. Effects of molecular weight and guluronic acid/mannuronic

acid ratio on the rheological behavior and stabilizing property of sodium alginate. Molecules 2019, 24, 4374. [CrossRef]
51. Deng, Y.; Yang, N.; Okoro, O.V.; Shavandi, A.; Nie, L. Alginate-based composite and its biomedical applications. In Properties and

Applications of Alginates; IntechOpen: London, UK, 2021. [CrossRef]
52. Rey-Rico, A.; Klich, A.; Cucchiarini, M.; Madry, H. Biomedical-grade, high mannuronic acid content (BioMVM) alginate enhances

the proteoglycan production of primary human meniscal fibrochondrocytes in a 3-D microenvironment. Sci. Rep. 2016, 6, 28170.
[CrossRef]

53. Zhang, S.; Dong, J.; Pan, R.; Xu, Z.; Li, M.; Zang, R. Structures, properties, and bioengineering applications of alginates and
hyaluronic acid. Polymers 2023, 15, 2149. [CrossRef] [PubMed]

54. Zhang, X.; Liu, L.; Zhang, C.; Zhu, Y.; Zhao, H.; Zhao, L. Adsorption mechanisms of alginate oligosaccharides with specific degree
of polymerizations on a novel ion-exchange resin: Experiments and simulations. Chem. Eng. J. 2023, 460, 141717. [CrossRef]

55. El-Sheekh, M.M.; El-Shenody, R.A.E.K.; Bases, E.A.; El Shafay, S.M. Comparative assessment of antioxidant activity and
biochemical composition of four seaweeds, Rocky Bay of Abu Qir in Alexandria, Egypt. Food Sci. Technol. 2020, 41, 29–40.
[CrossRef]

56. Duan, X.J.; Zhang, W.W.; Li, X.M.; Wang, B.G. Evaluation of antioxidant property of extract and fractions obtained from a red
alga, Polysiphonia urceolata. Food Chem. 2006, 95, 37–43. [CrossRef]

57. Yu, H.; Liu, X.; Xing, R.; Liu, S.; Li, C.; Li, P. Radical scavenging activity of protein from tentacles of jellyfish Rhopilema esculentum.
Bioorg. Med. Chem. Lett. 2005, 15, 2659–2664. [CrossRef]

58. Ye, S.; Xie, C.; Agar, O.T.; Barrow, C.J.; Dunshea, F.R.; Suleria, H.A.R. Alginates from brown seaweeds as a promising natural
source: A review of its properties and health benefits. Food Rev. Int. 2024, 40, 2682–2710. [CrossRef]

59. Weidinger, A.; Kozlov, A.V. Biological activities of reactive oxygen and nitrogen species: Oxidative stress versus signal transduc-
tion. Biomolecules 2015, 5, 472–484. [CrossRef] [PubMed]

60. De La Fuente, G.; Fontana, M.; Asnaghi, V.; Chiantore, M.; Mirata, S.; Salis, A.; Scarfì, S. The remarkable antioxidant and
anti-inflammatory potential of the extracts of the brown alga Cystoseira amentacea var. stricta. Mar. Drugs 2020, 19, 2. [CrossRef]

61. Zhou, R.; Shi, X.Y.; Bi, D.C.; Fang, W.S.; Wei, G.B.; Xu, X. Alginate-derived oligosaccharide inhibits neuroinflammation and
promotes microglial phagocytosis of β-amyloid. Mar. Drugs 2015, 13, 5828–5846. [CrossRef] [PubMed]

62. Fernando, I.S.; Jayawardena, T.U.; Sanjeewa, K.A.; Wang, L.; Jeon, Y.J.; Lee, W.W. Anti-inflammatory potential of alginic acid from
Sargassum horneri against urban aerosol-induced inflammatory responses in keratinocytes and macrophages. Ecotoxicol. Environ.
Saf. 2018, 160, 24–31. [CrossRef]

63. Sharma, J.N.; Al-Omran, A.; Parvathy, S.S. Role of nitric oxide in inflammatory diseases. Inflammopharmacology 2007, 15, 252–259.
[CrossRef]

64. Calder, P.C.; Albers, R.; Antoine, J.M.; Blum, S.; Bourdet-Sicard, R.; Ferns, G.A.; Zhao, J. Inflammatory disease processes and
interactions with nutrition. Br. J. Nutr. 2009, 101, 1–45. [CrossRef]

65. Pawelec, G.; Goldeck, D.; Derhovanessian, E. Inflammation, ageing and chronic disease. Curr. Opin. Immunol. 2014, 29, 23–28.
[CrossRef] [PubMed]

66. McInturff, J.E.; Modlin, R.L.; Kim, J. The role of toll-like receptors in the pathogenesis and treatment of dermatological disease. J.
Investig. Dermatol. 2005, 125, 1–8. [CrossRef]

67. Bianchi, M.E.; Manfredi, A.A. How macrophages ring the inflammation alarm. Proc. Natl. Acad. Sci. USA 2014, 111, 2866–2867.
[CrossRef] [PubMed]

68. Levy, E.; Xanthou, G.; Petrakou, E.; Zacharioudaki, V.; Tsatsanis, C.; Fotopoulos, S.; Xanthou, M. Distinct roles of TLR4 and CD14
in LPS-induced inflammatory responses of neonates. Pediatr. Res. 2009, 66, 179–184. [CrossRef]

69. Kammerlander, G.; Eberlein, T. An assessment of the wound healing properties of Algisite M dressings. Nurs. Times 2003, 99, 54–56.
70. Ohsumi, H.; Hirata, H.; Nagakura, T.; Tsujii, M.; Sugimoto, T.; Miyamoto, K.; Uchida, A. Enhancement of perineurial repair and

inhibition of nerve adhesion by viscous injectable pure alginate sol. Plast. Reconstr. Surg. 2005, 116, 823–830. [CrossRef]
71. Hori, Y.; Winans, A.M.; Huang, C.C.; Horrigan, E.M.; Irvine, D.J. Injectable dendritic cell-carrying alginate gels for immunization

and immunotherapy. Biomaterials 2008, 29, 3671–3682. [CrossRef]
72. Yang, D.; Jones, K.S. Effect of alginate on innate immune activation of macrophages. J. Biomed. Mater. Res. A 2009, 90, 411–418.

[CrossRef] [PubMed]

https://doi.org/10.3390/md2401004126



Mar. Drugs 2026, 24, 41

73. Otterlei, M.; Østgaard, K.; Skjåk-Bræk, G.; Smidsrød, O.; Soon-Shiong, P.; Espevik, T. Induction of cytokine production from
human monocytes stimulated with alginate. J. Immunother. 1991, 10, 286–291. [CrossRef]

74. Son, E.H.; Moon, E.Y.; Rhee, D.K.; Pyo, S. Stimulation of various functions in murine peritoneal macrophages by high mannuronic
acid-containing alginate (HMA) exposure in vivo. Int. Immunopharmacol. 2001, 1, 147–154. [CrossRef]

75. Viswanathan, S.; Nallamuthu, T. Extraction of sodium alginate from selected seaweeds and their physicochemical and biochemical
properties. Int. J. Pharm. Sci. Res. 2014, 3, 10998–11003.

76. Rashedy, S.H.; Abd El Hafez, M.S.; Dar, M.A.; Cotas, J.; Pereira, L. Evaluation and characterization of alginate extracted from
brown seaweed collected in the Red Sea. Appl. Sci. 2021, 11, 6290. [CrossRef]

77. Michalak, K.P.; Michalak, A.Z. Understanding chronic inflammation: Couplings between cytokines, ROS, NO, Ca2+, HIF-1α,
Nrf2 and autophagy. Front. Immunol. 2025, 16, 1558263. [CrossRef] [PubMed]

78. Iles, K.E.; Forman, H.J. Macrophage signaling and respiratory burst. Immunol. Res. 2002, 26, 95–105. [CrossRef]
79. Mirshafiey, A.; Rehm, B.H. Alginate and its comonomer mannuronic acid: Medical relevance as drugs. In Alginates: Biology and

Applications; Springer: Berlin/Heidelberg, Germany, 2009; pp. 229–260. [CrossRef]
80. Wu, A.; Gao, Y.; Kan, R.; Ren, P.; Xue, C.; Kong, B.; Tang, Q. Alginate oligosaccharides prevent dextran-sulfate-sodium-induced

ulcerative colitis via enhancing intestinal barrier function and modulating gut microbiota. Foods 2023, 12, 220. [CrossRef]
81. Du, Y.; Jiang, Y.; Song, Y.; Chen, J.; Wu, Y.; Guo, R.; Huang, Y. Alginate/silk fibroin/Zn2+ composite microspheres for site-specific

delivery for enhanced ulcerative colitis therapy. Chem. Eng. J. 2024, 495, 153441. [CrossRef]
82. Abramowitz, L.; Weyandt, G.H.; Havlickova, B.; Matsuda, Y.; Didelot, J.M.; Rothhaar, A.; Wiesel, P. The diagnosis and management

of haemorrhoidal disease from a global perspective. Aliment. Pharmacol. Ther. 2010, 31, 1–58. [CrossRef] [PubMed]
83. Hasegawa, T.; Takahashi, T.; Inada, Y.; Yamada, C.; Tanaka, Y. Reparative effects of sodium alginate (Alloid G) on radiation

stomatitis. Nippon Acta Radiol. 1989, 49, 1047–1051. [PubMed]
84. Rajauria, G.; Ravindran, R.; Garcia-Vaquero, M.; Rai, D.K.; Sweeney, T.; O’Doherty, J. Purification and molecular characterization

of fucoidan isolated from Ascophyllum nodosum brown seaweed grown in Ireland. Mar. Drugs 2023, 21, 315. [CrossRef] [PubMed]
85. DuBois, M.; Gilles, K.A.; Hamilton, J.K.; Rebers, P.T.; Smith, F. Colorimetric method for determination of sugars and related

substances. Anal. Chem. 1956, 28, 350–356. [CrossRef]
86. Bitter, T.; Muir, H.M. A modified uronic acid carbazole reaction. Anal. Biochem. 1962, 4, 330–334. [CrossRef]
87. 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]
88. Biju, J.; Sulaiman, C.T.; Sateesh, G.; Reddy, V.R.K. Total phenolics and flavonoids in selected medicinal plants in Kerala. Int. J.

Pharm. Pharm. Sci. 2014, 6, 406–408.
89. Masuelli, M.A.; Illanes, C.O. Review of the characterization of sodium alginate by intrinsic viscosity measurements: Comparative

analysis between conventional and single-point methods. Int. J. Biomater. Sci. Eng. 2014, 1, 1–11.
90. Clementi, F.; Mancini, M.; Moresi, M. Rheology of alginate from Azotobacter vinelandii in aqueous dispersions. J. Food Eng. 1998,

36, 51–62. [CrossRef]
91. Kirby, A.J.; Schmidt, R.J. The antioxidant activity of Chinese herbs for eczema and of placebo herbs—I. J. Ethnopharmacol. 1997, 56,

103–108. [CrossRef]
92. Sampath Kumar, N.S.; Nazeer, R.A.; Jaiganesh, R. Purification and identification of antioxidant peptides from the skin protein

hydrolysate of two marine fishes, horse mackerel (Magalaspis cordyla) and croaker (Otolithes ruber). Amino Acids 2012, 42, 1641–1649.
[CrossRef] [PubMed]

93. Xu, Y.; Zhao, H.; Zhang, M.; Li, C.J.; Lin, X.Z.; Sheng, J.; Shi, W. Variations of antioxidant properties and NO scavenging abilities
during fermentation of tea. Int. J. Mol. Sci. 2011, 12, 4574–4590. [CrossRef]

94. Pozzolini, M.; Vergani, L.; Ragazzoni, M.; Delpiano, L.; Grasselli, E.; Voci, A.; Giovine, M.; Scarfì, S. Different reactivity of primary
fibroblasts and endothelial cells towards crystalline silica: A surface radical matter. Toxicology 2016, 361, 12–23. [CrossRef]
[PubMed]

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/md2401004127



Article

Integrative Metabolomics, Pharmacoinformatics and
Experimental Studies Reveal the Neuroprotective Potential of
Caulerpa racemosa Metabolites Against Alzheimer’s Disease

Nita Handayani 1,*, Dhecella Winy Cintya Ningrum 2, Adha Fauzi Hendrawan 3, Anis Yuniati 1, Raffaele Romano 4,

Lucia De Luca 4, Antonello Santini 5,* and Fahrul Nurkolis 6,7,8

1 Department of Physics, Faculty of Science and Technology, Universitas Islam Negeri (UIN) Sunan Kalijaga
Yogyakarta, Yogyakarta 55281, Indonesia

2 Master’s Program in Pharmaceutical Science, Faculty of Pharmacy, Universitas Gadjah Mada,
Yogyakarta 55281, Indonesia

3 Department of Medicine, Faculty of Medicine, Public Health, and Nursing, Universitas Gadjah Mada,
Yogyakarta 55281, Indonesia; adhafauzihendrawan2004@mail.ugm.ac.id

4 Department of Agricultural Sciences, University of Napoli Federico II, Piazza Carlo di Borbone 1,
80055 Portici, NA, Italy

5 Department of Pharmacy, University of Napoli Federico II, Via Domenico Montesano 49, 80131 Napoli, Italy
6 Master of Basic Medical Science, Faculty of Medicine, Universitas Airlangga, Surabaya 60286, Indonesia;

fahrul.nurkolis.mail@gmail.com
7 Medical Research Center of Indonesia, Surabaya 60286, Indonesia
8 Institute for Research and Community Service, State Islamic University of Sunan Kalijaga (UIN Sunan

Kalijaga), Yogyakarta 55281, Indonesia
* Correspondence: nita.handayanii@uin-suka.ac.id (N.H.); asantini@unina.it (A.S.);

Tel.: +62-812-2722-3305 (N.H.)

Abstract: Alzheimer’s disease (AD) is a multifactorial neurodegenerative disorder charac-
terized by cholinergic dysfunction, oxidative/nitrosative stress, and neuroinflammation.
Marine green algae Caulerpa racemosa are rich in neuroactive lipids and fatty acid derivatives
with reported antioxidant and anti-inflammatory properties. However, their integrated
mechanistic potential against AD remains largely underexplored. This study aimed to
elucidate the neuroprotective mechanisms of C. racemosa metabolites against AD using
integrative metabolomics, network pharmacology, molecular docking, and in vitro vali-
dation assays. Untargeted LC–HRMS profiling was performed to identify major metabo-
lites in the ethanolic extract of C. racemosa. Neuroprotective targets were predicted via
TargetNet, STRING, and Cytoscape (MCODE, CytoNCA). Functional enrichment was
conducted using KEGG, GO (BP, MF, CC), and ClueGO. Molecular docking (CB-Dock2)
validated compound–target interactions with ACHE, CHRM1, NOS1, and NOS2. Antioxi-
dant (DPPH) and cholinesterase (AChE/BChE) inhibitory activities were evaluated in vitro.
Metabolomic profiling identified lipid-dominant metabolites—oleamide, hexadecanamide,
palmitoyl ethanolamide, α-linolenic acid, α-eleostearic acid, and 9-oxo-octadecadienoic
acid. Network analysis revealed key AD-related hubs (ACHE, CHRM1, NOS1, NOS2)
enriched in cholinergic regulation, arachidonic-acid metabolism, oxidative stress response,
and nitric oxide signaling. Docking showed moderate multi-target affinities (−6.0 to −8.4
kcal/mol), with α-linolenic acid, α-eleostearic acid, and oxidized C18 lipids exhibiting the
strongest interactions—particularly with ACHE and NOS isoforms. In vitro assays showed
moderate antioxidant activity (IC50 = 120.97 ± 10.93 μg/mL) and cholinesterase inhibition
(AChE IC50 = 136.48 ± 1.70 μg/mL; BChE IC50 = 145.98 ± 3.28 μg/mL), aligning with
predicted multi-target interactions. C. racemosa extract exhibits neuroprotective potential
through a synergistic combination of cholinergic modulation, antioxidant activity, NOS-
mediated nitrosative stress reduction, and suppression of arachidonic-acid inflammatory
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pathways. These findings support C. racemosa as a promising marine-derived multi-target
candidate for AD intervention, warranting further mechanistic and in vivo evaluation.

Keywords: Caulerpa racemosa; Alzheimer’s disease; metabolomics; network pharmacology;
molecular docking; acetylcholinesterase; nitric oxide synthase; neuroinflammation;
antioxidant activity; marine functional food

1. Introduction

Alzheimer’s disease (AD) represents one of the most devastating neurodegenerative
disorders, characterized by progressive cognitive decline and neuronal loss driven by
oxidative stress, amyloid-β aggregation, cholinergic dysfunction, and neuroinflamma-
tion [1,2]. Despite decades of research, currently available treatments such as donepezil,
rivastigmine, and memantine only provide symptomatic relief rather than halting disease
progression [3]. Therefore, the search for novel, multi-targeted, and naturally derived
neuroprotective agents has gained increasing momentum. Among natural sources, marine
algae have emerged as prolific reservoirs of bioactive metabolites with diverse pharmaco-
logical properties relevant to AD therapy, including antioxidant, anti-inflammatory, and
acetylcholinesterase inhibitory activities [4,5].

Marine green algae, particularly Caulerpa racemosa (sea grapes), are rich in bioactive
lipids, fatty acids, and amides such as oleamide, hexadecanamide, and α-linolenic acid [6].
These metabolites have been associated with neuronal protection through modulation
of cholinergic transmission, nitric oxide synthase (NOS) pathways, and synaptic plastic-
ity [7]. Recent advances in marine pharmacology highlight that marine-derived fatty acids
and amides can simultaneously act on acetylcholinesterase (AChE), muscarinic receptors
(CHRM1), and nitric oxide synthase isoforms (NOS1/NOS2), offering a multi-target ap-
proach to combat AD pathology [8]. In particular, oleamide and α-linolenic acid, both
of which are found in marine algae, have shown promising inhibitory effects against
cholinesterase enzymes and attenuation of neuroinflammation, aligning with findings from
recent studies in Marine Drugs emphasizing marine algal metabolites as multifunctional
agents in AD management [9].

Integrative metabolomics combined with network pharmacology and molecular dock-
ing has become a powerful strategy to elucidate bioactive compound–target interactions
within complex biological systems [10]. Such approaches enable the identification of key
molecular targets and pathways mediating neuroprotection. In this study, we employed
LC–HRMS-based metabolomic profiling of C. racemosa extract, followed by in silico network
pharmacology and molecular docking to predict its interaction with AD-related targets.
Furthermore, in vitro assays were performed to validate its antioxidant and cholinesterase
inhibitory potential. This integrative approach offers novel insights into the mechanistic
landscape of C. racemosa as a marine-derived candidate for the prevention or adjunctive
management of Alzheimer’s disease.

2. Results

2.1. Metabolomic Profiling of Caulerpa Racemosa Extract

Untargeted LC–HRMS analysis of the Caulerpa racemosa ethanolic extract revealed a
diverse metabolite profile dominated by bioactive fatty acid amides and unsaturated
fatty acids (Table 1). Nine major compounds were identified with high confidence
scores (mzCloud ≥ 95%), including hexadecanamide, oleamide, stearamide, α-eleostearic
acid, palmitoleic acid, 9-oxo-10(E),12(E)-octadecadienoic acid, α-linolenic acid, palmitoyl
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ethanolamide, and 2,4-dihydroxyheptadec-16-en-1-yl acetate. Among these, oleamide and
α-linolenic acid have been previously reported as neuroactive lipids with known roles in
modulating sleep–wake cycles, cholinergic transmission, and anti-inflammatory responses.
The retention times of 16–24 min and molecular weights ranging from 254 to 350 Da
suggest these compounds belong to long-chain lipids with potential to cross the blood–
brain barrier, a critical pharmacokinetic feature for neuroprotective agents. The strong
match with known MS/MS spectral libraries supports their reliability for downstream
pharmacoinformatic analyses.

Table 1. Caulerpa racemosa extract compounds (filtered from mzCloud best match > 95) via LC-HRMS.

Name Formula
Calculated

Molecular Weight
RT [min] Area (Max.) mzCloud Best Match

Hexadecanamide C16H33NO 255.25505 21.71 132,989,235.55 98.6

Oleamide C18H35NO 281.27056 21.54 104,636,468.21 98.3

Stearamide C18H37NO 283.28606 23.77 82,837,237.90 97.3

α-Eleostearic acid C18H30O2 278.22365 16.92 82,954,091.16 95.3

Palmitoleic acid C16H30O2 254.22351 16.65 37,079,182.87 95.9

9-Oxo-10(E),12(E)-
octadecadienoic

acid
C18H30O3 294.21853 17.87 31,871,173.23 97.7

α-Linolenic acid C18H30O2 278.22365 19.99 29,136,008.89 97.4

Palmitoyl ethanolamide C18H37NO2 299.28127 20.29 16,462,133.15 97.3

2,4-dihydroxyheptadec-
16-en-1-yl

acetate
C19H36O4 350.24193 17.68 13,159,097.66 95.9

2.2. Network Pharmacology and Protein–Protein Interaction

To elucidate the molecular targets associated with Alzheimer’s disease (AD), overlap-
ping gene sets between C. racemosa metabolites and AD-related genes were analyzed using
Venn diagram mapping (Figure 1A). The intersection revealed a substantial overlap of
neurodegeneration-related targets, indicating that several metabolites potentially modulate
core signaling pathways involved in AD pathology. The protein–protein interaction (PPI)
network constructed through the STRING database (Figure 1B) displayed a highly inter-
connected topology, highlighting key nodes such as ACHE, CHRM1, NOS1, and NOS2.
These proteins are central to cholinergic neurotransmission and nitric oxide signaling, two
pathways known to deteriorate during AD progression. Cluster analysis using the MCODE
algorithm (Figure 1C) identified three major functional modules, suggesting that the ac-
tive compounds from C. racemosa may simultaneously regulate oxidative stress responses,
neurotransmitter balance, and inflammatory cascades.

30



Mar. Drugs 2025, 23, 475

A  

B 

C 

 

 
Cluster 3 Cluster 2 Cluster 1 

Figure 1. Venn diagram analysis (A); protein–protein interaction of potential targets of compounds
in Alzheimer’s (B); clustering by molecular complex detection (MCODE) (C). SHG: Sea grapes
extract compounds.

2.3. Functional Enrichment and Biological Process Clustering

Cluster 3, identified as the most biologically significant, was further analyzed using
ClueGO for Gene Ontology (GO) enrichment (Figure 2A–C). The results demonstrated
that the predominant biological processes included response to oxidative stress, synaptic
signaling, nitric oxide biosynthesis, and acetylcholine catabolic regulation. The clustering
of sub-biological processes further reinforced the hypothesis that C. racemosa metabolites
act through multi-targeted mechanisms, particularly modulating enzymes associated with
neurotransmitter degradation (ACHE/BChE) and neuroinflammation (NOS1/NOS2). The
distribution of functional terms underscores the integrative mode of action characteristic of
natural compounds compared to single-target drugs.

Building on the ClueGO biological-process results above, the PPI analysis in Figure 3
shows that these functions are supported by a tightly connected target core. The initial
network (16 nodes, 10 edges) was refined by degree centrality (DC > 0.00) to 12 highly
connected hubs without losing edges, indicating stable interprotein cooperation. Key
nodes ACHE, NOS1/NOS2, PTGS1, ALOX5, PLA2G2A, GRIA2, CHRM1, CNR1/CNR2,
MTNR1A, and MMP3—suggest a multi-target mode where cholinergic degradation
(ACHE), nitric oxide–linked oxidative/nitrosative stress (NOS1/NOS2), and arachidonic-
acid neuroinflammation (PTGS1/ALOX5/PLA2G2A) converge with synaptic signaling
receptors (GRIA2, CHRM1) and neuromodulators, reinforcing the earlier hypothesis of
integrated neuroprotective control.
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Figure 2. Chosen cluster (cluster of 3) (A), Percentage of terms of biological process (B), and Subcluster
of biological process genes (C).

A 

 

16 nodes, 10 Edges 

B 

12 nodes, 10 Edges 

DC > 0.00 

Figure 3. Interprotein interaction using CytoNCA, screening proteins based on degree centrality (DC)
score threshold > 0.00. (A) the initial protein–protein interaction network before filtering, and (B) the
filtered core network based on the degree centrality (DC) threshold.

Consistent with this hub architecture, Figure 4A (KEGG) highlights neuroactive
ligand–receptor interaction and arachidonic acid metabolism as top pathways, with ad-
ditional enrichment in circadian entrainment, calcium signaling, long-term depression,
and neurodegeneration routes (e.g., Alzheimer’s/ALS), indicating simultaneous synaptic
and inflammatory regulation. Figure 4B (GO Molecular Function) further specifies the
mechanisms as oxidoreductase and nitric-oxide–related activities, carboxylic ester hydro-
lase/cholinesterase functions, phospholipase A2 activity, and glutamate/acetylcholine
receptor activities, matching the main hubs from Figure 3. Figure 4C (GO Cellular Com-
ponent) localizes these targets to neuron projections, dendrites, synapses, AMPA receptor
complexes, and postsynaptic density, showing that C. racemosa metabolites likely act at
excitatory synaptic sites where oxidative stress and neuroinflammation shape plasticity,
setting up the next section of results on how these pathway-level effects translate into
therapeutic implications.

32



Mar. Drugs 2025, 23, 475

A 

 

B 

 

C 

 

Figure 4. Enrichment analysis of key target proteins, KEGG pathway analysis (A); Molecular Function
(B); and Cellular Components (C).

2.4. Molecular Docking Analysis

Molecular docking analysis is shown in Table 2, where it summarizes the dock-
ing affinities of C. racemosa metabolites against four Alzheimer’s-related targets (ACHE,
CHRM1, NOS2, NOS1), where more negative Vina scores indicate stronger predicted
binding. Overall, all tested compounds showed moderate interactions across the panel
(−6.0 to −8.4 kcal/mol), supporting a multi-target profile consistent with the earlier net-
work and enrichment findings. Among them, unsaturated fatty acids and oxidized lipid
derivatives tended to perform better than simple amides, suggesting that double bonds and
oxygenated groups may enhance target complementarity within both neurotransmission
and oxidative-inflammatory proteins.

Table 2. The Vina score (kcal/mol) of the molecular docking parameter for the Caulerpa racemosa
compounds against selected Alzheimer’s diseases protein.

Compounds
ACHE (PDB ID:

4EY7)
CHRM1 (PDB ID:

6WJC)
NOS2 (PDB ID:

1NSI)
NOS1 (PDB ID:

3NOS)

Hexadecanamide −7.5 −6.5 −6.5 −6.0

Oleamide −7.7 −6.9 −6.6 −6.4

Stearamide −7.8 −6.5 −6.7 −6.1

α-Eleostearic acid −8.3 −6.8 −7.5 −7.0

Palmitoleic acid −7.6 −6.7 −6.8 −6.2

9-Oxo-10(E),12(E)-
octadecadienoic

acid
−8.1 −7.4 −7.3 −6.7

α-Linolenic acid −8.4 −7.2 −7.3 −6.7

Palmitoyl ethanolamide −7.5 −6.6 −6.7 −6.6
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Table 2. Cont.

Compounds
ACHE (PDB ID:

4EY7)
CHRM1 (PDB ID:

6WJC)
NOS2 (PDB ID:

1NSI)
NOS1 (PDB ID:

3NOS)

2,4-dihydroxyheptadec-
16-en-1-yl

acetate
−7.6 −6.6 −6.7 −6.2

Donepezil or Control −11.8 −8.2 −10.7 −9.4

Target-wise, the strongest natural-compound binding was observed for ACHE, led by
α-linolenic acid (−8.4), α-eleostearic acid (−8.3), and 9-oxo-octadecadienoic acid (−8.1),
indicating notable potential to interfere with cholinesterase activity. For CHRM1, the
best affinity was shown by 9-oxo-octadecadienoic acid (−7.4) and α-linolenic acid (−7.2),
aligning with synaptic receptor modulation inferred from Figure 4. In the oxidative-stress
axis, α-eleostearic acid displayed the strongest binding to NOS2 (−7.5), while α-eleostearic
acid and α-linolenic acid were again highest for NOS1 (both −7.0/−6.7 range), reinforcing
their relevance to nitric-oxide-related neuroinflammation. Importantly, the control drug
donepezil showed substantially stronger docking across all targets (e.g., −11.8 for ACHE),
which is expected for a single-target optimized pharmaceutical; however, the natural
compounds’ consistent mid-range affinities across multiple proteins support the proposed
broad, synergistic mechanism rather than a one-protein dominant effect.

Table 3 shows that α-linolenic acid binds along a hydrophobic channel in the ACHE
active gorge, stabilized mainly by van der Waals/hydrophobic contacts with residues
such as Trp286, Tyr337, Phe338, Tyr341, Phe297, Val294, and Ser293, and lying near the
catalytic region (His447 and the Glu202/Ser203/Ala204 pocket), supporting its docking
score in Table 2 and suggesting potential interference with substrate access. Donepezil
occupies the same gorge more deeply and extensively, sharing key residues (Trp286, Tyr337,
Tyr341, Phe297, Val294/Ser293, His447) but achieving tighter, broader interactions that
explain its much stronger affinity. Overall, the residue overlap indicates a common binding
corridor, while the simpler lipid scaffold of α-linolenic acid likely limits anchoring strength,
reinforcing that C. racemosa metabolites may contribute moderate ACHE inhibition within
a broader multi-target neuroprotective mechanism.

Table 3. Selected amino acid interaction of Caulerpa racemosa metabolites against Alzheimer’s diseases.

α-Linolenic acid vs. ACHE
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Table 3. Cont.

Donepezil vs. ACHE

 

2.5. In Vitro Antioxidant and Cholinesterase Inhibitory Activities of C. racemosa Extract

Table 4 reports the IC50 values of the sea grape (C. racemosa) extract in antioxi-
dant and cholinesterase assays, benchmarking against standard controls. The extract
showed measurable but weaker activity than the references in all tests: DPPH scavenging
IC50 was 120.97 ± 10.93 μg/mL versus Trolox at 99.04 ± 2.15 μg/mL, indicating mod-
erate antioxidant capacity. For enzyme inhibition, the extract yielded IC50 values of
136.48 ± 1.70 μg/mL for AChE and 145.98 ± 3.28 μg/mL for BChE, whereas physostigmine
was notably stronger (82.34 ± 1.45 and 83.81 ± 0.55 μg/mL, respectively). The superscript
differences (a vs. b) suggest these reductions in potency are statistically significant.

Table 4. IC50 (μg/mL) values of sea grape extract and controls.

No Assay Sample Control IC50 Extract (μg/mL) IC50 Control (μg/mL)

1 DPPH Antioxidant Sea grape extract Trolox 120.97 ± 10.93 a 99.04 ± 2.15 b

2 AChE Inhibition Sea grape extract Physostigmine 136.48 ± 1.70 a 82.34 ± 1.45 b

3 BChE Inhibition Sea grape extract Physostigmine 145.98 ± 3.28 a 83.81 ± 0.55 b

Values are presented as mean ± SD (n = 3). Superscript letters “a” and “b” indicate statistically significant
differences between the extract and control groups at p < 0.05.

When integrated with the in silico findings, these IC50 trends are expected, docking
predicted mid-range affinities across multiple targets rather than drug-like single-target
strength. Thus, the extract’s moderate cholinesterase inhibition and antioxidant effect
likely reflect additive or synergistic contributions from several metabolites (e.g., fatty
acids and amides) acting concurrently. This supports the broader mechanism proposed
earlier—sea grape metabolites may not outperform classical inhibitors individually, but
could provide neuroprotective benefit through combined anti-oxidative and multi-pathway
cholinergic/anti-inflammatory modulation.

3. Discussion

The metabolomic profile of Caulerpa racemosa ethanolic extract in this study is
dominated by fatty-acid amides (oleamide, hexadecanamide, stearamide) and unsatu-
rated/oxidized fatty acids (α-linolenic acid, α-eleostearic acid, palmitoleic acid, 9-oxo-
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octadecadienoic acid), which is consistent with prior LC–HRMS and phytochemical works
showing sea grapes as lipid-rich macroalgae with strong antioxidant-associated con-
stituents [11]. Recent untargeted metabolomics on C. racemosa likewise reported broad lipid
and secondary metabolite diversity, supporting the reliability of top-hit lipid signatures,
while multiple antioxidant studies on C. racemosa extracts confirm that these chemical
classes track with measurable radical-scavenging activity [12,13]. Taken together, our
LC–HRMS findings extend previous chemical evidence by pinpointing specific neuroactive
lipid candidates within the extract that are pharmacokinetically plausible for CNS action
(Figure 5).

Figure 5. Proposed multi-target neuroprotective mechanisms of Caulerpa racemosa metabolites against
Alzheimer’s disease. This integrative schematic illustrates how key metabolites identified in C.
racemosa—including oleamide (Oela), palmitoyl ethanolamide (PEA), α-linolenic acid (ALA), α-
eleostearic acid (Eleo), and 9-oxo-octadecadienoic acid (9-oxo)—interact with major Alzheimer’s
disease (AD) pathological pathways. The metabolites demonstrate potential modulation of the cholin-
ergic system by inhibiting acetylcholinesterase (ACHE) and supporting muscarinic acetylcholine
receptor function (CHRM1), thereby enhancing acetylcholine availability at synapses. In parallel, the
compounds exhibit predicted interactions with nitric oxide synthase isoforms (NOS1 and NOS2),
reducing nitric oxide–mediated nitrosative stress and reactive oxygen species (ROS) generation.
Additionally, C. racemosa lipids interfere with arachidonic-acid–driven pro-inflammatory cascades
by influencing PPAR-α–linked signaling, suppressing IL-6 and TNF-α production, and attenuating
neuroinflammation. Collectively, the multi-pathway interactions depicted in the figure support a
synergistic mechanism in which cholinergic preservation, oxidative/nitrosative stress reduction, and
lipid-mediated anti-inflammatory activity converge to mitigate neuronal damage and interrupt the
neurotoxicity loop characteristic of AD progression. Created with BioRender.com license by Author
(F.N.) (accessed on 10 October 2025).

Network pharmacology and PPI analyses showed that the metabolites converge on
ACHE, CHRM1, NOS1, and NOS2, with enrichment in neuroactive ligand receptor in-
teraction, arachidonic-acid metabolism, oxidative-stress response, and synaptic signaling.
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This hub architecture mirrors established AD biology in which cholinergic breakdown co-
evolves with nitric-oxide-related oxidative/nitrosative stress and lipid-driven neuroinflam-
mation [14,15]. The presence of both cholinergic (ACHE/CHRM1) and redox-inflammatory
(NOS1/NOS2; PTGS1/ALOX5/PLA2G2A) cores supports a multi-target strategy that has
been repeatedly highlighted as more suitable for AD than single-node blockade, because
synaptic loss is reinforced by feedback loops between ROS/RNS damage and microglia-
mediated inflammation [16,17].

At the metabolite level, oleamide and palmitoyl ethanolamide (PEA) provide direct
mechanistic bridges to earlier neurodegeneration research. Oleamide is a documented
neuroactive fatty-acid amide that reverses scopolamine-induced cognitive impairment and
restores cholinergic function, which aligns with its moderate docking to ACHE/CHRM1 in
our dataset and the enrichment of synaptic receptor pathways [18]. PEA, an endogenous
ALIAmide, has a proven ability to reduce reactive astrogliosis/microglial activation, sup-
press pro-inflammatory cytokines, and improve learning and memory in amyloid-based
AD models via PPAR-α and related lipid-signaling targets [19–21]. Our identification
of oleamide and PEA in C. racemosa suggests that sea-grape lipids may reproduce en-
dogenous pro-homeostatic signaling that dampens neuroinflammation while supporting
cholinergic tone.

The strongest docking affinities were observed for α-linolenic acid (ALA), α-eleostearic
acid, and oxidized C18 derivatives, particularly toward ACHE and NOS isoforms, implying
that unsaturation/oxygenation enhances complementarity to both neurotransmission and
oxidative-stress proteins. This pattern is strongly supported by previous studies of ALA’s
multi-axis protection in AD models, where ALA reduces Aβ-induced oxidative stress
and nitric-oxide elevation, restores antioxidant defenses, attenuates neuroinflammation,
and improves memory, while also regulating APP processing and neuronal apoptosis
pathways [22,23]. Our findings demonstrate that ALA and donepezil share overlapping
residue interactions within the AChE catalytic gorge, suggesting a partially common bind-
ing trajectory. The comparatively weaker anchoring of ALA, consistent with its lipid-based
chemical scaffold, supports a mechanism of partial cholinesterase inhibition. This inhibitory
profile may alleviate cholinergic symptoms while simultaneously permitting complemen-
tary disease-modifying activity mediated through NOS regulation and modulation of
inflammatory lipid signaling pathways.

Finally, the in vitro data validate the system’s interpretation emerging from in silico
results. The extract showed moderate antioxidant and AChE/BChE inhibitory activities
lower than classical controls but consistent with predicted mid-range docking across multi-
ple targets. Similar magnitudes of antioxidant capacity have been reported for C. racemosa
extracts in earlier studies, reinforcing that sea-grape chemistry yields real redox buffering
rather than purely computational promise [13]. When integrated, our findings support
an AD-relevant mechanism where C. racemosa lipids (i) partially preserve acetylcholine
signaling via ACHE/CHRM1 modulation, (ii) reduce oxidative/nitrosative stress through
NOS1/NOS2 interaction and antioxidant reinforcement, and (iii) suppress arachidonic-acid
and glial inflammatory cascades via PEA/oleamide-linked lipid mediators, collectively
yielding a synergistic neuroprotective profile appropriate for the multifactorial pathology
of Alzheimer’s disease.

4. Materials and Methods

4.1. Preparation of Green Algae Extract

The green algae (Caulerpa racemosa) were obtained from a cultivation pond located
in Jepara Regency, Central Java, Indonesia, with authorization from the pond owner. The
botanical identification and authentication of the species were verified at the State Islamic
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University of Sunan Kalijaga, Yogyakarta, Indonesia. The confirmation process employed
the National Center for Biotechnology Information (NCBI) Taxonomy ID and the Integrated
Taxonomic Information System (ITIS) Report ID, corresponding to C. racemosa (ID: 6968).
Fresh biomass of Caulerpa racemosa was thoroughly washed with sterile seawater to remove
impurities and epiphytic microorganisms. The cleaned material was then dried at 40 ◦C
until the moisture content was reduced below 10%, followed by grinding into a fine
powder. A total of 100 g of the dried powder was macerated with 1 L of 70% ethanol for
48 h at room temperature in a closed container, with occasional stirring to ensure optimal
solvent–matrix interaction. After maceration, the mixture underwent ultrasonic-assisted
extraction using a sonicator operating at 40 kHz for 30 min to enhance the solubilization of
bioactive compounds. The filtrate was collected through Whatman No. 1 filter paper and
concentrated under reduced pressure using a rotary evaporator at 45 ◦C to obtain a viscous
greenish-brown extract [24].

4.2. Metabolomic Analysis

Untargeted metabolomic profiling of the sea grape extract was performed using
liquid chromatography–high-resolution mass spectrometry (LC-HRMS) [25]. A 50 μL
aliquot of the extract was diluted with 96% ethanol to a final volume of 1500 μL. The
mixture was vortexed at 2000 rpm for 2 min, followed by centrifugation at 6000 rpm
for 2 min. The resulting supernatant was filtered through a 0.22 μm syringe filter and
transferred into an LC vial. The prepared sample was then placed in an autosampler
for LC-HRMS analysis. The LC–HRMS system consisted of a Thermo Scientific Dionex
Ultimate 3000 RSLCnano HPLC equipped with a microflow meter. The mobile phases used
were: solvent A (0.1% formic acid in water) and solvent B (0.1% formic acid in acetonitrile).
Chromatographic separation was achieved using a Hypersil™ GOLD aQ analytical column
(50 × 1 mm, 1.9 μm particle size) with a flow rate of 40 μL/min and a total run time of
30 min. The column temperature was maintained at 30 ◦C. Mass spectrometric detection
was conducted on a Thermo Scientific Q Exactive instrument operating in both positive and
negative ionization modes. Full-scan spectra were acquired at a resolution of 70,000, with
data-dependent MS/MS scans collected at 17,500 resolution for 30 min. Data processing
and compound identification were carried out using Compound Discoverer software 3.4
integrated with the mzCloud MS/MS Library.

4.3. In Silico Analysis
4.3.1. Identification of Potential Targets

The simplified molecular-input line-entry system (SMILES) codes of the investigated
compounds were retrieved from the PubChem (https://pubchem.ncbi.nlm.nih.gov/, ac-
cessed on 17 September 2025) [26] and ChemSpider (https://www.chemspider.com/,
accessed on 17 September 2025) [27] databases. Prediction of potential protein or gene
targets was performed using the TargetNet platform (http://targetnet.scbdd.com/, ac-
cessed on 17 September 2025) [28], applying a probability threshold greater than 0.6
to ensure target reliability. To identify Alzheimer’s disease (AD)-related targets, the
GeneCards (https://www.genecards.org/, accessed on 17 September 2025) and NCBI
(https://www.ncbi.nlm.nih.gov/, accessed on 17 September 2025) [29] databases were
queried using the keyword “Alzheimer’s.” The sets of compound-related and disease-
related targets were compared using a Venn diagram to determine their intersection,
representing the overlapping targets potentially involved in the pharmacological action of
the compounds against AD [30].
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4.3.2. Network Analysis

The intersecting targets were imported into the STRING database (https://string-db.
org/, accessed on 17 September 2025) [31] to evaluate protein–protein interactions (PPIs)
and visualize their functional associations. The interaction network was then clustered us-
ing the MCODE plug-in in Cytoscape 3.10.3 to identify highly interconnected modules that
may represent key biological complexes involved in AD pathology. Functional enrichment
of each cluster was performed using the ClueGO plug-in, which integrates Gene Ontology
(GO) and pathway information. Subsequently, the CytoNCA plug-in was applied to assess
topological parameters, with Degree Centrality used as the selection criterion for hub genes.
Targets with degree values greater than zero were subjected to Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway and Gene Ontology analyses using the Enrichr
database (https://maayanlab.cloud/Enrichr/, accessed on 17 September 2025) [32]. This
analysis enabled the identification of genes significantly involved in AD-related biolog-
ical processes and signaling pathways, which were subsequently selected for molecular
docking validation [33].

4.3.3. Molecular Docking Simulation

To validate the binding interaction between the bioactive compounds and the identi-
fied AD-related targets, molecular docking analysis was conducted. The three-dimensional
crystal structures of the target proteins were obtained from the Protein Data Bank (PDB)
(http://www.rcsb.org/pdb/home/home.do, accessed on 19 September 2025) [34]. The
3D structures of the selected compounds and target proteins were uploaded into the
CB-DOCK2 web server (https://cadd.labshare.cn/cb-dock2/, accessed on 19 September
2025) [35], which performs automated docking based on cavity detection and binding
site prediction. The docking outcomes were ranked according to binding affinity scores,
with the lowest binding energy indicating the most stable and favorable ligand–receptor
interaction. These results provided structural insights into the molecular mechanisms
underlying the potential therapeutic action of the compounds against Alzheimer’s disease.

4.4. In Vitro Experiments
4.4.1. Antioxidant Activity via DPPH Inhibition Assay

The antioxidant potential of green algae extracts was determined through DPPH
radical scavenging, following the methods described by Nurkolis et al., 2023 [36]. In
the DPPH assay, various concentrations of the green algae extract (35, 70, 105, 140, and
175 μg/mL) were mixed with 3 mL of DPPH solution in a testing vial. The mixture was
then incubated for 30 min at room temperature under dark conditions. The reduction in
DPPH radical concentration was quantified by measuring the absorbance at 517 nm.

The percentage of inhibition was calculated using the following equation:

% Inhibition = 100 −
(

A0 − A1
A0

)
× 100% (1)

where A0 represents the absorbance of the control (blank), and A1 denotes the absorbance
of the test sample or standard.

4.4.2. AChE and BChE Inhibitory Assay

The in vitro inhibitory activities of the extract against acetylcholinesterase (AChE) and
butyrylcholinesterase (BChE) were determined using a modified Ellman’s colorimetric
method in a 96-well microplate format [37,38]. The assay is based on the enzymatic
hydrolysis of acetylthiocholine iodide (ATCI) or butyrylthiocholine chloride (BTChCl)
by AChE or BChE, respectively, releasing thiocholine, which reacts with 5,5′-dithiobis-
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(2-nitrobenzoic acid) (DTNB) to yield the yellow-colored 5-thio-2-nitrobenzoate anion
detectable at 412 nm. The reaction mixture contained 140 μL of 0.1 M phosphate buffer
(pH 8.0), 20 μL of 10 mM DTNB solution, and 20 μL of the test sample or standard inhibitor
(physostigmine for AChE and rivastigmine for BChE). After gentle mixing, 10 μL of enzyme
solution (AChE from Electrophorus electricus or BChE from equine serum, at a final activity
of 0.02–0.06 U/mL) was added, followed by a 10 min pre-incubation at room temperature
(25–28 ◦C) to allow reversible binding between the enzyme and inhibitor. The enzymatic
reaction was initiated by adding 10 μL of 1.0 mM substrate solution (ATCI for AChE or
BTChCl for BChE), resulting in a total volume of 200 μL per well.

The change in absorbance was recorded kinetically at λ = 412 nm every 30–60 s
for 5–10 min using a microplate reader. Each assay was performed in triplicate. Blanks
(without enzyme) and negative controls (without inhibitor) were included in each plate to
correct for non-enzymatic background and baseline activity. The reaction rate (ΔA/min)
for each well was calculated from the linear portion of the kinetic curve, and the percentage
inhibition was determined using the equation:

% Inhibition = 100 −
(

slopesample

slopecontrol
× 100

)
(2)

The concentration of the extract or compound that inhibited 50% of enzymatic activity
(IC50) was obtained from nonlinear regression analysis of the concentration–response curve
fitted to a four-parameter logistic (4PL) model. Selectivity between AChE and BChE inhibi-
tion was expressed as the Selectivity Index (SI = IC50 (BChE)/IC50(AChE)), where a value
greater than 1 indicates preferential inhibition of AChE. All solutions were freshly prepared
prior to the assay. The final DMSO concentration was kept below 0.5% v/v to prevent
solvent-induced inhibition. For extracts with intense color or reducing properties, interfer-
ence control wells containing sample, DTNB, and buffer (without enzyme and substrate)
were included to correct background absorbance. The enzymatic activities were verified by
reference inhibitors, with each plate’s positive control IC50 values remaining within the
laboratory’s historical acceptance range, ensuring reproducibility and assay robustness.

4.5. Data Analysis and Management

All experimental results were obtained from at least three independent assays, each
performed in triplicate to ensure reproducibility. Raw absorbance data were exported
from the microplate reader and processed to obtain reaction rates (ΔA/min) through linear
regression of absorbance versus time within the linear range of enzyme kinetics. The
percentage inhibition at each concentration was calculated relative to the control group,
and the IC50 values were determined by nonlinear regression fitting of the dose–response
curves to a four-parameter logistic (4PL) model using GraphPad Prism version 10.6.1
(GraphPad Software, Boston, MA, USA).

The results were expressed as IC50 values (mean ± standard deviation, SD) with
95% confidence intervals (CI). Statistical comparisons between two independent groups
(e.g., extract versus positive control, or between AChE and BChE inhibitory activity) were
performed using the independent t-test after confirming data normality with the Shapiro–
Wilk test and homogeneity of variances using Levene’s test. Differences were considered
statistically significant at p < 0.05.
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5. Conclusions

5.1. Conclusion

This study concludes that Caulerpa racemosa ethanolic extract contains a distinct lipid-
dominated metabolite profile, primarily fatty acid amides and unsaturated/oxidized fatty
acids such as oleamide, palmitoyl ethanolamide, α-linolenic acid, and α-eleostearic acid,
with plausible relevance to Alzheimer’s disease (AD). Integrated network pharmacology
and PPI analysis showed these metabolites converge on key AD hubs (ACHE, CHRM1,
NOS1, NOS2) and related inflammatory-synaptic nodes, enriched in oxidative-stress re-
sponse, cholinergic regulation, nitric oxide signaling, and arachidonic-acid metabolism.

Molecular docking demonstrated consistent moderate multi-target binding, strongest
for unsaturated/oxygenated fatty acids, supporting a synergistic rather than single-target
mode of action. In vitro assays further validated this pattern, revealing moderate antiox-
idant capacity and AChE/BChE inhibition compared with controls, aligning with the
predicted mid-range affinities across several proteins. Overall, the findings indicate that C.
racemosa extract may offer neuroprotective potential through combined cholinergic support,
oxidative/nitrosative stress reduction, and anti-inflammatory lipid modulation appropriate
for the multifactorial pathology of AD.

5.2. Recommendation

Future work should isolate and quantify the major bioactive lipids, confirm their mech-
anisms through enzyme-kinetic and target-validation assays (ACHE/BChE, NOS1/NOS2,
and arachidonic-pathway enzymes), and evaluate efficacy in AD-relevant cellular and
animal models while assessing BBB permeability, pharmacokinetics, safety, and synergistic
interactions among metabolites to clarify therapeutic feasibility.
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Abstract: Microalgae, such as Euglena cantabrica, are rich in secondary metabolites, includ-
ing polyphenols, which are valued for their antioxidant and therapeutic properties. Here
a rapid, cost-effective and efficient protocol using a trichloroacetic acid (TCA) solution
was developed for the production of an extract from E. cantabrica (EuPoly). The potential
environmental and biomedical applications of this new extract were evaluated. The effects
of EuPoly extract were tested on normal human dermal fibroblasts (NHDFs) and on breast
cancer cells of the triple-negative MDA-MB-231 cell line. EuPoly was able to increase the
NHDFs survival in oxidative -stress conditions and, on the contrary, to induce a decrease
in cell viability of the breast cancer cells. EuPoly was also used to functionalize frustules
(FEuPoly), mesoporous silica structures from diatoms. FEuPoly were investigated for the
complexation of Cu2+ and Ni2+, as new potential tools for metal-ion decontamination.
Finally, the scaffolding properties of FEuPoly were here assessed in the bone marrow
mesenchymal stem cells (BM-MSCs) growth and their osteo-differentiation. This study
provides new insights into the sustainable valorization of algae extracts, showing that
TCA E. cantabrica extract and functionalized frustules may serve as multifunctional, eco-
friendly resources for biomedical applications, as antioxidants and cancer cell inhibitor,
metal ions-trapping and tissue osteo-repair.

Keywords: E. cantabrica; polyphenols; frustules; breast cancer cells; osteo-differentiation;
mesenchymal stem cells

1. Introduction

The current political priorities of the European Union (EU) are focused on promoting
a sustainable economic model that balances economic growth with the preservation of
natural resources. The EU’s action plan supports the development and strengthening of
bio-based sectors, highlighting the importance of advancing sustainable food systems and
production processes, with the goal of transitioning to a circular economy [1]. Algae and
microalgae, as crucial components of the marine environment, could play a significant role
in addressing the EU’s priorities of overcoming the current linear and open-loop fossil
fuel-based economic model. In this context, the use of algae in an increasing variety of

Mar. Drugs 2025, 23, 453 https://doi.org/10.3390/md23120453
44



Mar. Drugs 2025, 23, 453

commercial applications makes them particularly relevant to the aims of a circular bioe-
conomy [1], as they are capable of producing a wide range of bioactive compounds, from
antioxidants and anti-inflammatory agents to antimicrobial and anticancer molecules. This
ability has spurred their use in a variety of industrial applications, including pharma-
ceuticals, nutraceuticals, and biofuels [2–5]. Within this broad framework of high-value
products, secondary metabolites derived from microalgae have garnered significant interest
due to their roles in adapting to environmental stress and defending against external threats,
presenting possibilities for the use of microalgae in biosensing devices [6,7]. Among mi-
croalgae, one particularly intriguing group is the euglenoids, a class of unicellular protists
known for their metabolic versatility and adaptability to various environmental conditions.
Euglenoids have been investigated for their potential in environmental bioremediation and
bio-medical tools for the high presence of polyphenols. Polyphenols are well known for
their antioxidant properties and for their chelating abilities, which are mainly thanks to
their chemical structure, particularly the presence of hydroxyl groups. Among euglenoids,
E. cantabrica has recently emerged due to its remarkable ability to shift between photosyn-
thetic and heterotrophic modes of nutrition, allowing it to survive and thrive in diverse
environments [8]. This metabolic flexibility and its resilience to environmental stressors
such as fluctuating light, temperature, and nutrient availability, combined with its high
intrinsic polyphenol content, make E. cantabrica a promising candidate for both biomedical
and environmental applications [8]. Among the polyphenols identified in E. cantabrica,
gallic acid (5.87 μg/g), protocatechuic acid (2.97 μg/g), and epicatechin have been shown
to contribute significantly to its antioxidant capacity [9–11]. Moreover, a notable amount
of caffeic acid, p-coumaric acid, and of the flavanone naringenin have been detected [12].
Polyphenols are potent scavengers of reactive oxygen species (ROS), mitigating oxidative
stress, which is a major contributing factor in the pathogenesis of various chronic dis-
eases, including neurodegenerative diseases, cardiovascular conditions, and cancer [13–16].
In recent years, various approaches for the extraction of polyphenols from algae, plants
and other agri-food products have been explored [17,18]. Polyphenol-rich extracts from
euglenoids have been reported to exhibit significant antioxidant activity, along with a
broad range of bioactive effects, including antiviral, anti-inflammatory, anti-cancer, and
wound-healing properties [19–22]. Live Euglena gracilis cells and their aqueous extracts
were found to facilitate wound healing by enhancing re-epithelization and reducing fi-
broplasia, without stimulating an excessive inflammatory response [23]. Recently, it has
been demonstrated that E. gracilis-derived extracellular vesicles enhance skin-regenerative
wound healing, promoting the proliferation and migration of skin cells, thereby increas-
ing both collagen synthesis and the expression of proliferation-associated proteins [24].
Anti-inflammatory studies on Euglena tuba methanolic extracts have also been performed,
employing macrophage cell lines in lipopolysaccharide-induced inflammation mice mod-
els, where the extracts reduced free radical generation [25]. In recent years, interest has
grown in the use of algae- and plant-derived polyphenols for cancer treatment [26,27], as
these compounds, either alone or in combination, target distinct molecular pathways and
exhibit enhanced therapeutic efficacy [28–30]. A methanolic extract of E. tuba was found to
inhibit the growth of human lung (A549) and breast cancer (MCF-7) cells in vitro through
ROS-mediated regulation of MAPKs (Mitogen-activated protein kinases) [31]. Finally, it
was recently reported that aqueous E. gracilis extract can protect against tobacco smoke
carcinogen-induced lung cancer by altering the gut microbiota metabolome [32].

Herein, we aimed to obtain and characterize a new polyphenol-rich extract from
E. cantabrica and evaluate its biological activity. In particular, the extract was investigated
for its potential to protect normal human dermal fibroblasts (NHDFs) from oxidative stress
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induced by oxygen radicals. Furthermore, the ability of the extract to affect the viability of
MDA-MB-231 triple-negative breast cancer cells was also investigated.

Beyond their therapeutic properties, algal-derived polyphenols have also been inves-
tigated for their ability to bind metal ions. Indeed, the hydroxy groups in polyphenols
can form strong bonds with metal ions; therefore, polyphenols could potentially be em-
ployed in the treatment of pathological conditions, such as metal overload, or heavy metal
contamination, including arsenic, cadmium, chromium, lead, mercury, nickel, and copper.
Heavy metal contamination in wastewater is identified as a risk to public health and the
environment, and has been since the late 19th century [33], as repeated exposure to these
metals leads to bioaccumulation in tissues and organs [34], consequently causing adverse
effects on human health [35]. E. gracilis has demonstrated significant tolerance to a wide
range of heavy metals, making it a promising candidate for bioremediation in environments
contaminated by multiple metals [22,36–38]. Nickel and copper are widely distributed
pollutants with both industrial and consumer-related sources. In particular, nickel is one
of the most prevalent contact allergens and skin exposure to nickel ions leads to allergic
dermatitis and eczema. Moreover, Ni-containing compounds have also been linked to
carcinogenic effects depending on the dose, duration, and route of exposure, and are also
frequently detected in ground-water, raising concerns for both environmental and human
health [39]. Regarding copper ions, although they are essential in trace amounts in cells,
they can become toxic when accumulated in excess. Chronic copper ion overload is impli-
cated in several pathological conditions, most notably in Wilson’s disease, a rare genetic
disorder characterized by impaired copper metabolism and accumulation in the liver, brain,
and other organs, leading to hepatic and neurological symptoms [40]. In addition, elevated
copper levels have been associated with oxidative stress and cellular damage, and are
potentially involved in neurodegenerative diseases such as Alzheimer’s [40].

In this context, we sought to functionalize frustules of diatoms, natural three-dimensional
silica structures with micro- and nano-meter-sized pores, with the algal extract, and to
evaluate its ability to scavenge biologically relevant divalent met-al ions (Cu2+ and Ni2+).
These ions were specifically selected due to their involvement in biological systems: Cu2+

can act as a pro-oxidant agent, with elevated levels contributing to oxidative stress, neu-
rodegeneration, and inflammatory responses, while Ni2+ is recognized for its cytotoxic
and genotoxic effects, with involvement in allergic contact dermatitis, lung fibrosis, and
carcinogenesis. Given these effects, the ability to bind and remove Cu2+ and Ni2+ is of
particular relevance for applications in health protection and biomedical contexts, and
could enable the development of new tools to mitigate metal-induced toxicity and enhance
therapeutic strategies. Moreover, we aimed to investigate the potential applications of
these functionalized structures in tissue repair. In a recent study, E. gracilis cells and their
aqueous extracts mixed with chitosan–hyaluronic acid were used to create new bioactive
hydrogels, and the efficacy of these mixtures in accelerating the wound healing process
was demonstrated using a mouse model with deep skin burns [23]. However, the use of
euglenoids and/or their derived bioactive compounds in combination with biomaterials
for tissue regeneration represents an unexplored area of research. In this context, the ability
of the E. cantabrica extract–functionalized frustules to act as a scaffold for human mesenchy-
mal stem cells was assessed, paving the way for investigating these new systems as natural
bioactive scaffolds with potential applications in stem cell-based tissue regeneration.

In this study, a new algal friendly extract has been characterized and investigated
for its effects on the cancer and stem cells and to functionalize natural silica mesoporous
structures for metal-ion trapping and improving their scaffolding properties.
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2. Results and Discussion

2.1. Production and Characterization of the E. cantabrica Extract

Herein, a new protocol was developed for the production of a non-protein extract
from E. cantabrica (EuPoly) using 50% trichloroacetic acid solution (TCA). The TCA extrac-
tion process was also compared with those using other classical solvents for polyphenol
extraction (see Supplementary Information, Figure S1A) with the same incubation times
and temperatures. Only the extract obtained through treating E. cantabrica with TCA
showed a green color, demonstrating better pigment extraction. The extracts were then
analyzed using the Folin–Ciocalteu assay (see Supplementary Information, Figure S1B),
demonstrating the TCA solution’s major ability to extract polyphenols compared to that of
the other solvents used under the same experimental conditions.

Figure 1A shows the scheme of the algal extract production protocol. The absence
of proteins in the extract was also demonstrated by the SDS-PAGE analysis, as shown in
Figure 1B. SPE chromatography of the EuPoly was performed following the elution at
280 nm, demonstrating the high presence of hydrophobic compounds, eluted by methanol
(see Figure 1C(a)). The eluted peaks were analyzed by Folin–Ciocalteu assay, further
demonstrating the presence of phenolic species in the EuPoly (see Figure 1C(b)). Figure 1D
shows the RP-HPLC profile of EuPoly recorded at 280 nm, where the peaks in the blue box,
recorded through three RP-HPLC analyses and subsequent lyophilization, were positive to
Folin–Ciocalteu assay. Their retention times are consistent with those previously reported
for polyphenols [41]. The quantitative determination of polyphenols in EuPoly was per-
formed using the Folin–Ciocalteu assay. A total poly-phenolic content of 1.097 mg/mL
(S.D. ± 0.058) expressed as gallic acid equivalents (GAE) (mg/mL of extract) (Figure 1E)
was determined by measuring the absorbance at 750 nm and using a calibration curve
obtained with solutions at different gallic acid concentrations (0–50 μg) (see Supplementary
Information, Figure S2).

In this study, the protocol for obtaining EuPoly requires the use of TCA and repre-
sents a rapid, efficient, and low-cost extraction process, which we have previously used
for polyphenol extraction by vegetable-waste derived bioplastic (BPLH) [42]. The use
of TCA for polyphenolic compound extraction offers advantages over other extraction
methods. For instance, extraction with organic solvents, such as ethanol, methanol, acetone,
or isopropanol, mixed with water is commonly used to obtain polyphenolic ex-tracts from
microalgae, plants, and food industry by-products [43,44], but it often requires long incu-
bation durations and several subsequent purification steps. Additionally, water-based or
microwave-assisted extraction methods may be less selective and lead to the degradation
of heat-sensitive compounds [44]. Another common technique generally used with organic
solvents is ultrasound-assisted extraction, which, despite being a fast and efficient method,
requires the strict selection of extraction parameters depending on the sample, which
involves the frequency, ultrasound power, time, temperature, and quantity and preparation
of the sample, and the type, volume, and con-centration of solvent [43]. Moreover, although
TCA is classified as a toxic solvent, its use at concentrations up to 50–80% (w/v) has recently
been investigated for biomedical applications, including the treatment of chronic venous
ulcers and dermatological procedures for photoaging, further supporting its suitability in
biomedicine and in clinical settings [45,46]. The protocol presented here provides advan-
tages over other extraction procedures since it is rapid, cost-effective, and enables easy and
efficient polyphenol extraction from E. cantabrica, reducing the processing time and lower-
ing the risk of thermal degradation. Moreover, the protocol’s short incubation time (1 h)
could allow for on-site extraction, providing possibilities for analysis device production.
Furthermore, TCA acts as an effective protein precipitant, allowing for the ex-traction of
an enriched polyphenolic fraction while minimizing the protein content. Although full
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characterization of the polyphenols in the extract is still needed, this innovative approach
could represent a smart strategy to produce polyphenol-rich, bio-active, high-value extracts
from microalgae.

Figure 1. Production and Characterization of the Extract from E. cantabrica. (A) Schematic repre-
sentation of E. cantabrica extract (EuPoly) production; (B) SDS-PAGE of the EuPoly extract (8 μL)
(Lane 2) and molecular weight markers (Lane 1) using a 12% (w/v) polyacrylamide gel; (C) (a) SPE
chromatogram of 40 μL of EuPoly obtained using an octadecyl column and H2Odd as solvent A
(0–22 min) and methanol as solvent B (22–70 min), the elution was recorded at 280 nm; (b) absorbance
at 750 nm after Folin–Ciocalteu assay of the collected peaks (30 μL) after freeze-drying and resuspen-
sion in 100 μL of buffer; (D) RP-HPLC chromatogram of EuPoly obtained with the following solvent
B gradient: 0–5 min 0%; 5–65 min 60%; 65–90 min 90%. The absorbance at 280 nm was monitored;
(E) the total polyphenolic content in the extract equal to 1.097 mg/mL (S.D. ± 0.058) of polyphenols
expressed as Gallic Acid Equivalents (GAE) (mg/mL of extract). Error bar indicates S.D.

2.2. Effects of EuPoly on Human Dermal Fibroblasts (NHDFs)

Due to the role of oxidative stress in the development of various diseases, including
neurodegenerative conditions, cardiovascular disorders, and, particularly, skin pathologies
(i.e., photoaging, psoriasis, and dermatitis), there is a pressing need to identify new, effec-
tive natural antioxidants with therapeutic potential. Several studies have highlighted the
antioxidant characteristics of various microalgae and of many micro-algae-derived metabo-
lites such as polyphenols, polysaccharides, and carotenoids, suggesting their potential for
treating skin diseases characterized by pro-oxidative and inflammatory conditions and UV
light-induced damage [47,48].

The antioxidant properties of polyphenols have been extensively documented, with
their mechanisms of action largely attributed to their ability to scavenge ROS, chelate metal
ions, and modulate antioxidant enzyme activity [49]. Herein, the effects of EuPoly on
normal human dermal fibroblasts (NHDFs) were evaluated in terms of cell viability and
protection against oxidative stress. Figure 2A shows the brightfield micrographs and the
results of the cell viability assay of the NHDFs after 24 h of treatment with and without
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EuPoly (0.5 μL/mL). No significant effects on cell viability were observed in the samples
treated with EuPoly with respect to the control samples. Subsequently, the ability of EuPoly
to protect NHDFs from oxidative stress induced by H2O2 treatment was investigated.
NHDFs were pre-treated for 3 h with EuPoly (0.5 μL/mL), followed by treatment with
100 μM H2O2 for 48 h. As shown in Figure 2B, a 20.65 % (S.D. ± 3.44) increase in cell
viability compared to cells treated with H2O2 alone was observed, demonstrating that
EuPoly provides significant protection to fibroblasts against H2O2-induced oxidative stress.
This effect may result from both direct ROS scavenging and an induced increase in the
oxidative damage resistance of cells enabled by EuPoly.

Figure 2. Effects of EuPoly on NHDFs’ cell viability and protection against H2O2-induced oxidative
stress. (A) Brightfield micrographs and the cell viability assay of NHDFs treated for 24 h with
EuPoly (0.5 μL/mL) added in the cell culture medium (+EuPoly) or with the same concentration
of 50% TCA (NHDF); (B) brightfield micrographs and the cell viability assay of untreated NHDFs
(NHDF), of NHDFs treated for 48 h with 100 μM of H2O2 (+H2O2) and NHDFs first treated for
3 h with EuPoly (0.5 μL/mL) and then with 100 μM of H2O2 (+EuPoly + H2O2). The results were
obtained by 3 experimental replicates. Error bars indicate S.D. ns: non-significant, ** p value ≤ 0.01.
Scale bars are of 100 μm.

Our results are in agreement with recent studies that have reported polyphenol-rich ex-
tracts from microalgae, including euglenoids, to significantly reduce ROS levels in vitro and
suppress oxidative damage markers [50,51]. For instance, a 70% methanol E. tuba extract
was found to have scavenging abilities against superoxide, hydroxyl, and hypochlorous
acid radicals [52]. Furthermore E. gracilis extract has been reported to promote the cellular
reducing potential and prevent lipid peroxidation in the HT-29 human intestinal epithelial
cell line, promoting conditions that counteract bacterial lipopolysaccharide-induced oxida-
tive burst [19]. Moreover, algal polyphenols and other algal molecules, such as astaxanthin
and fucoidans, have been shown to activate the Nrf2/ARE signaling pathway, enhancing
the expression of antioxidant enzymes like HO-1 and NQO1, thereby providing protection
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against oxidative stress-induced cellular damage [53,54]. Our findings show EuPoly’s
antioxidant properties, highlighting its potential for further investigation as a therapeutic
agent in skin disease treatment or in preventing oxidative stress-induced skin damage.
Furthermore, TCA is widely used in dermatology from cosmetic peels to the treatment
of actinic keratoses acne scars, warts, and at concentrations of from 40% to 60% it can
stimulate the re-epithelialization process by activation of growth factors, such as TGF-α
and PDGF-β [45,46]. Moreover, it is also reported to have a regulatory action on cytokines,
including IL-1 and IL-10, which may also have a beneficial effect on wound healing [45].
In a dermatological study the topical application of 50% TCA on leg ulcers in 19 patients
led to an evident reduction in the surface area of diabetic ulcers [45]. Therefore, EuPoly
extract could combine the effect of 50% of TCA with the algal antioxidant molecules and
our studies open the way for its medical application also in the treatment of diabetic ulcers.

2.3. Effects of EuPoly on MDA-MB-231 Breast Cancer Cells

Natural polyphenols at relatively high concentrations are known to have inhibitory
effects on cancer cell proliferation, tumor growth, angiogenesis, metastasis, and inflamma-
tion, and also induce programmed cell death in different types of cancer including breast,
colorectal, head, lung, ovarian, melanoma, and leukemia [55]. Polyphenolic compounds,
and particularly those derived from microalgae, are able to sensitize cancer cells to various
therapies and, therefore, their use in combination with chemotherapy and radiotherapy
has recently gathered attention [28,56]. First, the effects of EuPoly on the cell viability and
proliferation of triple-negative MDA-MB-231 breast cancer cells were evaluated. Figure 3A
shows the brightfield micrographs and the cell viability results as assessed using Trypan
Blue after 24 h of treatment with EuPoly (0.5 μL/mL). A statistically significant decrease
in cell viability of 28.21% (S.D. ± 1.56) was observed as compared to the untreated sam-
ples. Moreover, the WST-1 cell viability assay performed after 48 h of cell growth in the
presence or absence of EuPoly showed that the cells treated with EuPoly at a concentration
of 0.5 μL/mL exhibited a 10.82% (S.D. ± 1.86) lower viability compared to the controls,
while at a concentration of 1 μL/mL, the decrease was 22.96% (S.D. ± 1.88), indicating that
EuPoly was able to affect the viability of the MDA-MB-231 cancer cells in a dose-dependent
manner (Figure 3B). The observed decrease in cell viability and proliferation could likely be
due to cell cycle arrest induced by EuPoly, rather than programmed cell death induction, as
suggested by the Western blotting analysis, which shows a reduction in Cyclin D1 expres-
sion in the EuPoly-treated samples compared to the controls and the absence of cleaved
forms of Caspase 3 protein (Figure 3C). Furthermore, no significant changes in MAP kinase
ERK 1/2 phosphorylation were found.

Cyclin D1 is a cell cycle protein that plays a relevant role in regulating the progression
from G1 phase to the S phase of the cell cycle. Increased expression levels of this protein
have been positively correlated with increased aggressiveness, invasion, and metastasis
of various types of tumors, particularly triple-negative breast cancer [57–60]. Studies
on different cancer cell lines have reported the role of polyphenols as growth inhibitors,
either by induction of G1 cell cycle arrest, G2/M arrest, or cell death [27]. Our findings
are also consistent with evidence demonstrating the ability of euglenoid extracts to exert
anticancer properties. It has been observed that methanolic E. tuba extract is able to inhibit
the in vitro growth of human lung (A549) and breast cancer (MCF-7) cells [31] and shows
anticancer activity in Dalton’s lymphoma cells via reduction in mitochondrial potential and
the induction of apoptosis [61]. Furthermore, an ethanol fractionated extract of E. viridis
exerted cytotoxic activity in vitro against two prostate cancer cell lines, PC3 and Du145,
and the colon cancer cell line HCT-116 [62]. Although further investigations are needed
to elucidate the underlying molecular mechanisms, these findings demonstrate EuPoly’s
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anticancer effects on triple-negative MDA-MB-231 breast cancer cells, highlighting its
potential as a safe sensitizing agent in combination with other antitumor drugs, particularly
given its lack of cytotoxicity toward normal fibroblasts (Figure 2A).

Figure 3. Effects of EuPoly on cell viability, proliferation and protein expression of MDA-MB-231
breast cancer cells. (A) Brightfield micrographs and cell counting trypan blue assay performed on
MDA cells with 0.5 μL/mL of 50% TCA (MDA) and with EuPoly treatment (0.5 μL/mL) for 24 h
(+EuPoly); (B) brightfield micrographs and WST-1 cell viability assay of MDA cells treated with
0.5 μL/mL of EuPoly (+EuPoly) added in the cell culture medium or with 0.5 μL/mL of 50% TCA
(MDA) for 48 h and with 1 μL/mL of EuPoly or 50% TCA; (C) Western blotting analysis of Cyclin
D1, p-ERK1/2, ERK1/2 and Caspase 3 protein expression of MDA cells treated with 0.5 μL/mL of
EuPoly (+EuPoly) added in the cell culture medium or with 0.5 μL/mL of 50% TCA (MDA) for 48 h.
The results were obtained by 3 experimental replicates. Error bars indicate S.D. *** p value ≤ 0.005,
**** p value ≤ 0.0001. Scale bars are of 100 μm.

2.4. Diatoms Frustule Functionalization with EuPoly

Diatom frustules, composed of biogenic silica, have been extensively studied for their
adsorption properties and potential applications in drug delivery, biosensing, and func-
tional material development [63–65]. Their unique mesoporous structure provides a high
surface area and chemical versatility for functionalization. In this study, S. pinnata frustules
were functionalized with the EuPoly extract, with the aim of enhancing their bioactiv-
ity and potential applications in biomedicine. After the functionalization, performed by
incubating frustules overnight with EuPoly extract (FEuPoly) (Figure 4A), the samples
were centrifuged and the ability of the functionalized frustules to trap polyphenols was
evaluated using the Folin–Ciocalteu assay on the supernatant fraction (superEuPoly + F).
A statistically significant polyphenol trapping rate of 34.84% (S.D. ± 7.38) was found
(Figure 4B). FEuPoly frustules were next characterized by brightfield microscopy and
confocal fluorescence microscopy (Figure 4C). Figure 4C and Video S1 show confocal
micrographs of the non-functionalized frustules (F) compared to the FEuPoly frustules.
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Figure 4. Functionalization and characterization of Frustules with EuPoly. (A) Schematic repre-
sentation of the frustules functionalization with EuPoly to produce FEuPoly; (B) quantification of
polyphenols by Folin–Ciocalteu assay with digital image of EuPoly and superEuPoly after incubation
with frustules and centrifugation (superEuPoly + F); (C) brightfield micrographs of FEuPoly and con-
focal fluorescence micrographs of frustules with (FEuPoly) and without EuPoly functionalization (F).
The green fluorescence signal (emission: 495–570 nm) was recorded using an excitation wavelength
of 500 nm, while the blue fluorescence signal (emission 475–495 nm) with an excitation wavelength of
405 nm. Z-stacks were obtained with a 63× magnification and 1.5× zoom. The results were obtained
by 3 experimental replicates. Error bars indicate S.D. ** p value ≤ 0.01. Scale bars are of 100 and
50 μm.

Notable autofluorescence in the green range (495–570 nm; excitation wavelength
500 nm) of the frustules was observed without and with functionalization, due to the
intrinsic fluorescent property of these porous structures. The intrinsic photoluminescence
of the diatom frustules in the green portion of the spectrum has been reported in the
literature and specifically associated with their structural porous pattern, which resembles
artificial photonic crystals and confers to frustules an active role in manipulation and
exploitation of light [66,67]. However, as deduced from the confocal microscopy analysis,
only the frustules functionalized with the polyphenolic extract emitted a strong fluorescence
signal in the blue range of 475–495 nm when excited at 405 nm, indicating the strong
presence of compounds that can be excited in the UV range and emit blue fluorescence,
a characteristic typical of polyphenolic compounds that is attributed to their conjugated
π-electron systems [68]. Therefore, these results represent further evidence of frustule
functionalization with the EuPoly extract. The combination of frustules’ distinctive features,
such as their low cost and natural availability, as well as their large specific surface area,
thermal stability, biocompatibility, and customizable surface chemistry, make them highly
promising for environmental applications and biomedical tools [69]. Various strategies
for frustule functionalization, including metal deposition and biomolecule adsorption,
have been reported [68]. In line with these approaches, our results demonstrate that the
rapid functionalization of frustules using a TCA polyphenol extract is feasible, enabling
the simple production of novel bioactive silica-based materials.
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2.5. Metal Ion Trapping by FEuPoly

Heavy metals are among the most common pollutants; they are not biodegradable
and tend to accumulate in the environment, including in water, soil, and living organisms,
leading to various illnesses and health disorders [70]. Among heavy metals, both cop-per
(Cu2+) and nickel (Ni2+) ions are widely used across the domestic, industrial, medicinal,
and agricultural sectors [71]. Polyphenols are well known for their ability to bind metal ions,
primarily due to their multiple hydroxyl (-OH) groups and catechol or galloyl structures,
which can chelate metal cations [72]; for this reason, polyphenol- rich extracts from algae
have recently garnered attention in the field of environ-mental remediation. Herein, we
investigated the potential trapping of the divalent metal ions Cu2+ and Ni2+ by frustules
functionalized with polyphenolic extract. Figure 5A shows the schematic representation of
FEuPoly’s metal ion-binding property evaluation. The frustules were also functionalized
with gallic acid (FGA) (Figure 5B) in order to compare its metal-binding ability with that
of FEuPoly. Figure 5C shows that FEuPoly exhibited a 26.38% (S.D. ± 6.58) ± 6.59 higher
Cu2+ binding capability com-pared to FGA, likely due to the presence of other molecules
and further polyphenols with multiple functional groups (–OH, –COOH, –C=O, etc.)
such as flavonoids, tannins, and floro-tannins present in the extract that are able to bind
divalent metal cat-ions, enhancing the overall metal chelation rate. Interestingly, FEuPoly
was found to bind Ni2+ more efficiently than Cu2+, with a 25.03 % (S.D. ± 6.58) higher
binding capability, as shown in Figure 5D. The preferential Ni2+ binding/coordination of
FEuPoly in respect to Cu2+ ions could be advantageous in aquaculture or water remediation,
considering the higher toxicity/allergenic properties of nickel ions than copper ions [73].
In light of the potential toxicity of these metal ions, the World Health Organization has set
recommended maximum concentrations for these ions in drinking water: 31.5 μM for Cu2+

and 0.34 μM for Ni2+ [73]. Indeed, although these metals play essential roles in various
biological and technological processes, excessive exposure can lead to serious health issues,
including neurodegenerative diseases such as Parkinson’s and Alzheimer’s, as well as
Wilson’s disease, asthma, pneumonitis, lung cancer, and disorders of the central nervous
system [71].

Figure 5. Evaluation of metal ions complexation by FEuPoly. (A) Schematic representation of FEuPoly’s
metal-ions binding property evaluation; (B) quantification of polyphenols by Folin–Ciocalteu assay of
GA and superGA after incubation with frustules and centrifugation (superGA + F); (C) quantification
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of Cu2+ ions left in solution after FEuPoly and FGA incubation with CuCl2 (FEuPoly-Cu2+ and FGA-
Cu2+) determined measuring the absorbance at 750 nm; (D) quantification of Ni2+ ions left in solution
after FEuPoly incubation with NiCl2 (FEuPoly-Ni2+) determined measuring the absorbance at 415 nm,
compared to quantification of Cu2+ ions in solution. The results were obtained by 3 experimental
replicates. Error bars indicate S.D. * p value ≤ 0.05, ** p value ≤ 0.01.

Recently, the development of polyphenol-functionalized platforms, such as porous par-
ticles, hydrogels, capsules, and films, mainly based on synthetic polymers (i.e., PEG, PVA,
and PAAM) or nanomaterials able to exploit the metal chelation properties of polyphenols,
has attracted significant interest in biomedicine (i.e., drug delivery, bioimaging, mate-
rials for bio-interfacial engineering) [74,75] and environmental remediation [76,77]. In
this context, the preliminary data presented here may suggest that FEuPoly represents a
natural, green, and sustainable platforms potentially useful for sensing applications, or
reducing the metal overload in pathological conditions associated with abnormal metal ion
accumulation [78,79].

2.6. Evaluation of Stem Cell Scaffolding Properties of FEuPoly

EuPoly’s effects on the cell growth and differentiation of mesenchymal stem cells
were also assessed in this study. Specifically, the potential use of EuPoly to produce new
functionalized cellular scaffolds was investigated by assessing the ability of FEuPoly to
support stem cell growth. Bone marrow mesenchymal stem cells (BM-MSCs) were seeded
on F and FEuPoly and cultured for 7 days. Alizarin Red S staining was per-formed to
detect the presence of calcium-rich deposits produced by the cells (Figure 6A). Our results
revealed the strong presence of red-stained calcium deposits in the BM-MSC samples
grown on F, and even greater presence was observed when the cells were grown on
FEuPoly (Figure 6B). In contrast, no calcium deposits were detected in the cells grown on
the plates without frustules.

Figure 6. Evaluation of cell scaffolding properties of FEuPoly for cell growth and osteo-differentiation
of BM-MSCs. (A) Schematic representation of the experimental set up to assess the osteo-
differentiation of BM-MSCs grown on FEuPoly by Alizarin Red S assay; (B) digital images and
brightfield micrographs after Alizarin Red S staining of BM-MSCs grown for 7 days on plates (BM-
MSCs), on frustules (BM-MSCs on F) or on FEuPoly (BM-MSCs on FEuPoly). The results were
obtained by 3 experimental replicates. Scale bars are of 50 μm.

54



Mar. Drugs 2025, 23, 453

The strong presence of Alizarin Red-positive deposits in the BM-MSCs grown on
FEuPoly could be due to the combination of the silica frustules’ mechanical properties and
the Euglena polyphenols’ biochemical activity, which creates a synergistic environment that
promotes osteogenic differentiation. The use of polyphenols in tissue engineering applica-
tions has recently been investigated due to their potential ability to enhance the bioactivity
and biocompatibility of scaffolds and promote cell adhesion, proliferation, and differen-
tiation while showing anti-inflammatory, antioxidant, and antimicrobial properties, thus
facilitating the tissue regeneration process. Certain polyphenols, including flavonoids, have
also been reported to influence signaling path-ways relevant to wound healing and bone
regeneration, suggesting a beneficial role in regenerative medicine applications [80–82].

Diatom silica frustules show a highly porous architecture and significant stiffness,
closely resembling the structure of bone tissue. This structural mimicry provides me-
chanical cues that are critical for directing stem cell fate and promoting their osteo-genic
differentiation by activating mechano-transduction pathways, such as the Wnt/β-catenin
and TGF-β/BMP signaling cascades [83,84]. Furthermore, silica frustules’ porosity can
enhance cell adhesion, infiltration, and proliferation, also addressing the limit of oxygen
deprivation and facilitating bone-specific extracellular matrix component deposition. Re-
cently, diatoms were 3D bio-printed with stem cells in a gelatin methacryloyl (GelMA)
bio-ink for bone repair in animal models, and the frustules present in the diatoms were
able to reduce hypoxia damage and promote bone regeneration [85]. Therefore, frustule
functionalization with the algal extract proposed in our study could be a novel approach for
enhancing the osteogenic–regenerative properties of these natural mesoporous structures.
Moreover, polyphenols alone have also been found to contribute to osteogenic differen-
tiation by modulating key signaling pathways involved in bone formation [86–88]. For
instance, flavonoids have been shown to modulate the ability of MSCs to self-renew and
their osteogenic differentiation potential by targeting multiple signaling pathways such
as the Wnt/β-catenin pathway, ERK pathway, and PI3K/Akt pathway, and regulating
bone-specific markers and transcription factors including ALP, Runx2, BMP-2, Cbfa1, and
Osx [86–88]. In recent years, polyphenol-functionalized scaffolds including hydrogels,
films, and nano-fibers, mainly based on synthetic polymers, have emerged [80]. For in-
stance, Lee et al. developed functionalized scaffolds based on different polymers, such as
polystyrene and polydimethylsiloxane, for improving osteo-regeneration abilities of human
adipose-derived stem cells through surface modification via catechin coating [89]. Although
these emerging synthetic polyphenol-functionalized platforms have shown promise, our
FEuPoly cell scaffold, as a fully natural, microalgae-derived system, potentially offers a
more sustainable and biomimetic alternative, thus representing an innovative system with
promising applications in biomedicine and bone tissue regeneration.

3. Materials and Methods

3.1. Preparation of Dried Algal Biomass

E. cantabrica (https://utex.org/products/utex-lb-1320, accessed on 20 May 2025)
was obtained from the University of Texas’s culture collection. The alga was cultured
under photoautotrophic conditions in BG11 medium at 80 microeinstein light intensity in
4 cm glass bubble columns or at 200 microoeinstein light intensity in 8 cm glass bubble
columns placed in a water bath at a temperature of 25 ◦C. The first inoculum had to be
prepared at a 5-fold lower light intensity until the green mobile Euglena cells emerged
into the liquid medium. Cells were grown to about 2 g/L and harvested in a Sorvall
tabletop centrifuge. Pellets were rinsed with deionized water, quick-frozen and stored at
−80 ◦C, and lyophilized using a VirTis Benchtop 2K ES Freeze Dry System (Steroglass,
Perugia, Italy).
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3.2. Production of the E. cantabrica Extract (EuPoly) and Its Characterization by SPE, RP-HPLC
and SDS-PAGE Analyses

The extract (EuPoly) was obtained from freeze-dried E. cantabrica. Approximately
12 mg of the lyophilized algae were resuspended in 500 μL of a 50% trichloroacetic acid
(TCA) (w/v) solution and incubated on ice for 1 h. Subsequently, the samples were cen-
trifuged at 8000× g for 15 min at 4 ◦C, and the supernatants were recovered for analysis. The
obtained extract was stored at −20 ◦C. SPE chromatography of the extract was performed
using a Bakerbond SPE oc-tadecyl column (J.T.Baker, Deventer, The Netherlands) [90]; the
solvents used were H2Odd as solvent A and HPLC-grade methanol (Sigma-Aldrich, Milan,
Italy) as solvent B. The chromatography was performed through isocratic elution 0–22 min
at 0% of solv. B and then at 100% of solv. B (22–70 min) using a peristaltic pump, the
elution was detected using an UV detector at 280 nm (Pharmacia LKB, Varese, Italy). The
eluted fractions by SPE chromatography were collected, lyophilized, and then analyzed
using the Folin–Ciocalteu assay. The extract was also characterized via reversed-phase
high-performance liquid chromatography (RP-HPLC). RP-HPLC analysis of EuPoly was
performed using mod. LC-10AVP (Shimadzu, Milan, Italy), equipped with a UV detector
(Shimadzu, Milan, Italy) and a C18 column (150 mm × 4.6 mm, 5 μm, CPS Analitica, Rome,
Italy), a loop of 20 μL, and a rate flow 0.8 mL/min. The solvents used were solvent A (0.1%
(v/v) TFA) and solvent B (70% (v/v) CH3CN, 0.1% (v/v) TFA in H2Odd). The solvent B
gradient was 0–5 min 0%; 5–65 min 60%; 65–90 min 90%. The elution was monitored at
280 nm. The eluted peaks of three RP-HPLC analyses were collected, lyophilized, and then
analyzed using the Folin–Ciocalteu assay. An SDS-PAGE analysis of the EuPoly extract
was performed using a 12% w/v of polyacrylamide gel, and using a sample buffer with
2 μL of 1.5 M Tris-HCl, pH 8.8, for increasing the pH of the samples.

3.3. Quantitative UV Spectrophotometric Analysis for Polyphenolic Content Determination

Polyphenol quantification was performed using a modified Folin–Ciocalteu assay [91]:
250 μL of Folin–Ciocalteu reagent (diluted 1:10 v/v) was added to 30 μL of TCA extract for
4 min at room temperature in dark conditions. After that, 20 μL of 1 M KOH and 200 μL
of 1 M NaHCO3 were added and the samples were incubated in the dark for 2 h at room
temperature. The absorbance at 750 nm of 200 μL of each sample was then recorded using
an iMarkTM Microplate Absorbance Reader (Bio-Rad, Milan, Italy). A calibration curve (see
Supplementary Materials Figure S2) using gallic acid (GA) was created in order to assess
the total polyphenol content in GA equivalents (GAE) (mg/mL of extract).

3.4. Cell Cultures and WST-1 Cell Viability Assay

Cell studies were performed on MDA-MB-231 cells, NHDFs (Lonza, Basel, Switzer-
land), and BM-MSCs (Gibco, StemPro®, Life Technologies, Monza, Italy). The cell lines were
cultured at 37 ◦C, under 5% CO2, in high-glucose Dulbecco’s Modified Eagle’s Medium
(DMEM) (Gibco, Monza, Italy), containing 10% Fetal Bovine Serum (FBS) (v/v) (Gibco,
Monza, Italy), 1% penicillin–streptomycin (w/v) (Sigma-Aldrich, Milan, Italy), and 2 mM
of L-Glutamine solution (Gibco, Italy). The brightfield microscopy of the cell cultures was
performed using a Zeiss microscope (Primovert, Zeiss, Milan, Italy). Cell viability was
assessed by counting MDA-MB-231 breast cancer cells with Trypan Blue staining after 24 h
of cell growth.

The cell viability of NHDFs and of MDA-MB-231 cells was assessed using a WST-
1(4-[3-(4-lodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolium]-1,3-benzene disulfonate (Cell
Proliferation Reagent WST-1, Roche, Mannheim, Germany) assay [92]. NHDFs were seeded
at a density of 2 × 104 cells/cm2. After 24 h of cell growth, the medium was changed, and
cells were treated with 100 μM H2O2 for 48 h with and without a previous incubation with
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EuPoly 0.5 μL/mL (0.55 μg/mL of GAE) for 3 h. After, the medium was replaced with fresh
high-glucose DMEM without phenol red (GIBCO, Italy) containing tetrazolium salt WST-1
(5% v/v); the cells were incubated for 2 h at 37 ◦C, under 5% CO2, and the absorbance
of the medium was evaluated at 450 nm using a microplate reader (iMarkTM Microplate
Absorbance Reader, Bio-Rad, Milan, Italy). MDA-MB-231 breast cancer cells were seeded
at a cell density of 2 × 104 cells/cm2, and the next day, the cells were treated at different
EuPoly extract concentrations (0.5 and 1 μL/mL of EuPoly, corresponding to 0.55 μg/mL
and 1.1 μg/mL of GAE). Cell viability was then assessed using the WST-1 assay at 48 h of
cell growth, as described above. For each cell treatment with EuPoly, control samples with
the same TCA concentration (50% w/v) were included in all experiments.

250 μL of Folin–Ciocalteu reagent (diluted 1:10 v/v) was added to 30 μL of TCA
extract for 4 min at room temperature in dark conditions. After that, 20 μL of 1 M KOH
and 200 μL of 1 M NaHCO3 were added and the samples were incubated in the dark for
2 h at room temperature. The absorbance at 750 nm of 200 μL of each sample was then
recorded using an iMarkTM Microplate Absorbance Reader (Bio-Rad). A calibration curve
(see Supplementary Materials Figure S2) using gallic acid (GA) was created in order to
assess the total polyphenol content in GA equivalents (GAE) (mg/mL of extract).

3.5. Western Blotting Analysis of Protein Expression

Proteins were extracted from 2 × 106 MDA-MB-231 cells per sample using RIPA
buffer (50 μL) containing a protease inhibitor cocktail (Sigma-Aldrich, Milan, Italy) and
per-vanadate (Sigma-Aldrich, Milan, Italy) as a phosphatase inhibitor for the cell lysis.
After incubation for 90 min on ice, lysates were centrifuged for 10 min at 8000× g at 4 ◦C.
The bicinchoninic acid (BCA) protein assay (Sigma-Aldrich, Milan, Italy) was used to deter-
mine the protein content, and SDS-PAGE for cell extracts (30 μg of protein) was performed
using 15% polyacrylamide gel. Electroblotting was performed on PVDF membranes using
a semi-dry Trans-Blot Turbo Transfer System (Bio-Rad). After blot-ting, the membrane
was blocked and probed with the following primary monoclonal antibodies: Ab-cyclin D1
rabbit (2922S, Cell Signaling Technology, Danvers, MA, USA); Caspase 3 rabbit (D3R6Y, Cell
Signaling Technology, USA); Ab-p-ERK1/2 rabbit (Anti-p-ERK1 (pThr202/pTyr204) and
ERK2 (pThr185/pTyr187), ab136926 Abcam, Milan, Italy); and Ab-ERK1/2 rabbit (M5670,
Sigma-Aldrich, Italy). Immunoblots were then incubated with the rabbit secondary anti-
body (dilution 1:3000) (7074S, Cell Signaling Technology, USA) for 4 h at room temperature.
Immunoblots with Ab-β-tubulin–horseradish peroxidase conjugates (AB21058, Abcam,
Milan, Italy) were also probed for controlling the protein loading. A SuperSignal West
Pico kit (Thermo Scientific, Waltham, MA, USA) was used to visualize signals, followed by
exposure to a FluorChem Imaging system (Alpha Innotech Corporation-Analitica De Mori,
Milan, Italy).

3.6. Frustule Preparation, EuPoly Functionalization (FEuPoly), and Metal Ion Binding

Staurosirella pinnata biomass harvesting was carried out after 7 days of growth, and
freeze-dried biomass was treated with a boiling acid mix (H2SO4:HNO3:H2O = 3:1:1),
washed in bi-distilled water (H2Odd), and then freeze-dried according to a previously
published protocol [93]. Frustules (2 mg) were functionalized by overnight incubation
using 50 μL of EuPoly and 150 μL of H2Odd. The resulting pellet was resus-pended in 1 mL
of 50 mM HEPES buffer, centrifuged at 2000 rpm for 5 min, and then lyophilized for 2 h. For
the metal ion complexation analyses, samples of functionalized frustules (FEuPoly) were
treated with 200 μL of either 100 mM CuCl2 in 10 mM HEPES buffer, pH 5.5, or 100 mM
NiCl2, pH 5.5, and were left to oscillate in the dark overnight. The absorbances of the
supernatants from the samples were measured at 750 nm and 415 nm, respectively, using

57



Mar. Drugs 2025, 23, 453

the iMarkTM Microplate Reader (Bio-Rad). The brightfield microscopy analysis of frustules
was performed using a BA310 Motic microscope (Motic, Hackensack, NJ, USA). Metal ion
complexation was also assessed on frustules functionalized with gallic acid (FGA). Briefly,
frustules were incubated overnight with 50 μL of a gallic acid (GA) solution (1 mg/mL)
and 150 μL of H2Odd. After functionalization, the same protocol described for FEuPoly
was used to perform Cu2+ ion complexation analyses.

3.7. Confocal Microscopy Analysis of FEuPoly

After frustule functionalization with EuPoly and centrifugation at 1342× g for 5 min,
the pellet was washed with H2Odd and confocal fluorescence microscopy analysis of
FEuPoly was performed using the Leica Stellaris platform. The excitation wavelength was
set to 500 nm with an emission range of 495–570 nm (green), and to 405 nm with emission
in the 475–495 nm range (blue).

3.8. FEuPoly Validation for BM-MSC Growth and Alizarin Red S Staining

FEuPoly was validated as a scaffold for BM-MSCs by seeding mesenchymal stem cells
at a density of 6 × 103 cells/cm2. After 7 days of cell culture, Alizarin Red S staining was
performed to detect the presence of calcium-rich deposits. Alizarin Red S staining was
performed as follows: the culture medium was removed, the well was washed twice with
PBS, and cells were fixed with 4% PFA (paraformaldehyde) for 20 min in the dark. Then,
after washing twice with H2Odd, the Alizarin Red S staining solution, at pH 4.1 (Sigma-
Aldrich, Italy), was added for 3 min. Subsequently, the staining solution was removed, the
samples were washed 3 times with H2Odd, and the red deposits were analyzed by optical
microscopy using a BA310 Motic microscope (Motic, Hackensack, NJ, USA).

3.9. Statistical Analysis

GraphPad Prism version 8.0 for Windows (GraphPad Software, San Diego, CA, USA)
was used for the statistical analysis. Data obtained from three or more experimental inde-
pendent biological replicates were quantified and analyzed for each variable using a t-test or
one-way ANOVA test followed by Tukey’s multiple comparisons test. A p-value < 0.05 was
considered statistically significant. Data are presented as mean ± standard deviation (S.D.).

4. Conclusions

Herein, we have described a new E. cantabrica-derived polyphenolic extract and in-
vestigated its potential use for biomedical applications. The successful development of
a rapid and cost-effective extraction protocol highlights its scalability and applicability
within a circular bioeconomy framework, offering advantages for analysis device produc-
tion, which requires fast and efficient on-site ex-traction procedures. Furthermore, our
results demonstrated that EuPoly was able to protect human fibroblasts from ROS-induced
oxidative stress and to reduce the viability of MDA-MB-231 triple-negative breast cancer
cells, suggesting its good potential for treating oxidative stress-related skin disorders and
as an antitumor therapy. Although a full characterization of EuPoly is required and other
bioactive compounds may contribute to the observed cellular effects described here, it is
reasonable to attribute these effects primarily to the extract’s polyphenolic content, also
consistent with the extensive literature reporting polyphenols’ antioxidant and anticancer
properties. Herein, we have also functionalized diatom frustules with EuPoly, which
showed good coordination of the heavy metal divalent ions Cu2+ and Ni2+, suggesting
promise for wastewater remediation and biomedical applications. Moreover, FEuPoly
frustules were able to support the osteogenic differentiation of BM-MSCs, potentially offer-
ing a fully natural, microalgae-derived green scaffold for use in bone tissue re-generation.
These findings highlight the innovative properties of the FEuPoly system, which com-
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bines the natural and unique mesoporous structure of diatom silica with the biochemical
activity of a readily obtainable Euglena-derived polyphenolic extract for driving the osteo-
differentiation of mesenchymal stem cells in bone tissue repair. In conclusion, our work
contributes to the recent efforts directed towards harnessing the multifunctionality of algal
bioproducts with the aim of providing new eco-sustainable tools for future applications
in biomedicine.
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Abbreviations

The following abbreviations are used in this manuscript:

ALP Alkaline Phosphatase
BCA Bicinchoninic acid
BM-MSCs Bone marrow-mesenchymal stem cells
BMP Bone morphogenetic protein
Cbfa1 Core Binding Factor 1
DMEM Dulbecco’s Modified Eagle Medium
ERK Extracellular Signal-Regulated Kinase
EU European Union
EuPoly Euglena cantabrica extract
F Frustules
FBS Fetal Bovine Serum
FEuPoly Frustules functionalized with Euglena cantabrica extract
GA Gallic acid
GAE Gallic acid equivalents
GelMA Gelatin methacryloyl
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HO-1 Heme Oxygenase-1
MAPKs Mitogen-activated protein kinases
MSCs Mesenchymal stem cells
NHDFs Normal human dermal fibroblasts
NQO1 NAD(P)H:quinone oxidoreductase 1
Nrf2/ARE Nuclear factor erythroid 2-related factor 2/ Antioxidant Response Element
Osx Osterix
PAAM Polyacrylamide
PBS Phosphate Buffered Saline
PEG Poly(ethylene glycol)
PFA Paraformaldehyde
PI3K/Akt Phosphatidylinositol 3-kinase/protein kinase B
PVA Polyvinyl alcohol
PVDF Polyvinylidene difluoride
ROS Reactive oxygen species
RunX2 RUNT-related transcription factor 2
SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
TCA Trichloroacetic acid
TFA Trifluoroacetic acid
TGF-β Transforming growth factor-beta
Wnt Wingless-related integration site
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Abstract: Wound healing is a complex process involving coordinated actions of multiple cell
types. Therefore, when developing therapeutics to promote wound healing, it is essential
to consider the synergistic contributions of various cells at different stages of the healing
process. In this study, we evaluated the potential of different extracts of Botryocladia leptopoda
as wound-healing agents by examining their effects on antioxidant activity, cytotoxicity, cell
migration, anti-inflammatory properties, and expressions of specific biomarkers associated
with wound healing. Results indicated that the ethanol extract (FE) and hexane extract (HE)
exhibited the highest DPPH radical scavenging activity, reaching up to 94%. The alkaline
extract (AE) showed the strongest antioxidant ability in the FICA assay, with a maximum of
99%. In addition, the FE and AE provided anti-inflammatory actions that inhibited tumor
necrosis factor (TNF)-α and interleukin (IL)-6 in lipopolysaccharide (LPS)-treated RAW
264.7 cells. Further analyses suggested that the FE and AE enhanced cell proliferation (210%
and 112%) and migration (442.2% and 535.6%) and regulated wound healing-related genes,
including matrix metalloproteinase 2, MMP9, and tissue inhibitor of metalloproteinase 2
(TIMP2) to avoid scar formation and accelerate wound healing. Lastly, the identification
of potential compounds within the extract using the UHPLC system further supports its
prospective medical applications. Taken together, these findings indicated that the FE and
AE from B. leptopoda exhibited remarkable in vitro wound-healing properties, highlighting
their potential for applications in pharmaceutical industries and health food development.

Mar. Drugs 2025, 23, 444 https://doi.org/10.3390/md23110444
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1. Introduction

Wound healing is an intricate process with interactions among various cells, extracel-
lular compositions, and structures [1,2]. Different types of wounds require different care
needs, such as accelerating wound healing, preventing pathogen infections, decreasing
pain, and avoiding excessive tissue fluid leakage from the wound [3]. Although medica-
tions have been combined with dressings for wound care for many years, these medications
often have side effects [4]. Natural compounds from marine or plant sources generally
show better biocompatibility and lower cytotoxicity than synthetic drugs. They promote
wound healing through mild antioxidant and anti-inflammatory actions, thereby reducing
the risk of irritation or allergic reactions [5]. Therefore, developing novel wound-healing
agents from natural sources has become a popular focus in recent years.

Marine algae are an unexploited reservoir of biologically active substances due to their
abundant biodiversity [6]. Numerous studies have investigated their chemical constituents
and bioactivities; however, further exploration of specific species and targeted applications
remains highly valuable for future research.

Recent studies demonstrated that extracts from algae provide specific biological func-
tions such as antioxidation [7], antimicrobial properties [8], and antiviral abilities [9], and
could be helpful for issues such as high blood pressure [10], obesity problems [11], cardiac
diseases [12], and specific cancers [13]. These biofunctions may arise from various types of
bioactive molecules, such as proteins, compounds, polysaccharides, and peptides [14,15].
Therefore, it is essential to evaluate the functions and health benefits of different crude ex-
tracts within specific disease models, with the ultimate goal of isolating a purified bioactive
molecule in alga-related research.

When applying marine algae for wound healing, most studies focused on developing
wet wound dressings using algal polysaccharides [16,17], which form the structure of
dressing materials and provide a surface for cell adhesion or attachment to promote wound
healing. In addition, bioactive compounds from marine algae also participate in the wound-
healing process and skin tissue regeneration by regulating cellular signaling pathways [18].
Given the high potential for the use of marine algae to promote wound healing, a number
of ongoing studies are attempting to identify and isolate ideal materials for wound healing,
especially through various types and rare macroalgae as research targets [16,19,20].

Botryocladia leptopoda (B. leptopoda) is a kind of marine red alga that has been used as
feed, fertilizer, and in food manufacturing at an industrial level [21]. However, its biomedi-
cal potential, especially in skin repair and wound healing, remains largely unexplored. To
the best of our knowledge, this is the first study to investigate the wound- healing potential
of B. leptopoda extracts, providing novel insights into the therapeutic applications of marine
red algae and expanding their value beyond conventional uses.

In our previous study [22], we focused on the effects of B. leptopoda extracts on the
repair of skin cells under photo-damage conditions and found that the extracts exhibited
strong protective activity. Therefore, the antioxidant and anti-inflammatory properties were
further investigated. The cell-based experiments were conducted to assess cytotoxicity, cell
adhesion, and cell proliferation for evaluating their potential for wound-care applications.
Finally, the potential compounds present in the B. leptopoda extract were also analyzed using
the negative ion mode of the ultra-high performance liquid chromatography (UHPLC)
system to identify key bioactive constituents.
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2. Results

2.1. Total Phenolic Content (TPC) and Antioxidant Capacity of B. leptopoda Extracts

In the past, many plants have been used for wound care and were later found to be
rich in polyphenolic compounds [23]. These polyphenols exhibit strong anti-inflammatory
effects [24], reduce oxidative stress [25], promote collagen regeneration [26], enhance re-
epithelialization [27], and effectively accelerate wound healing [28]. Therefore, analyzing
the TPC can aid in evaluating the potential of extracts from B. leptopoda as wound-care
agents. B. leptopoda was extracted using four different methods: alkaline extraction with
NaOH at 25 ◦C, ethanol extraction at 25 ◦C, ethanol extraction at 70 ◦C, and hot water
extraction at 100 ◦C. The resulting products were designated as AE, FE, HE, and HW,
respectively, according to their extraction processes.

Results (Figure 1a) indicated that phenolic compounds from B. leptopoda extracts were
much more soluble in alkaline solvents than in water or weak polar organic solvents. The
AE presented the highest TPC of 6.4 mg GA/g, compared to FE, HE, and HW (at 3.1,
2.7, and 1.7 mg/GA/g, respectively). Sun et al. [29] compared water, acidic, and alkaline
solvent extracts and found the highest bioactive components were achieved in an alkaline
environment. This may have been due to alkaline extraction helping break down algal cell
walls composed of cellulose leading to release of components out of the algae [30]. Results
from Peasura et al. [31] also showed a similar trend of alkaline extraction yielding higher
sulfated polysaccharides compared to water and acidic extraction, which provided higher
antioxidation abilities. Additionally, AE exhibited the highest polyphenol content, suggest-
ing its potential as a promising wound-healing agent. Utpal et al. [32] have emphasized that
polyphenols can modulate multiple stages of the wound-healing cascade, including antiox-
idation, inflammation control, angiogenesis, and tissue remodeling. Their bioactivities are
primarily attributed to their strong radical-scavenging ability, regulation of cytokines (e.g.,
TNF-α, IL-6, VEGF, TGF-β1), and promotion of fibroblast and keratinocyte proliferation.

  
(a) (b) 

Figure 1. Effects of different solvent extracts on total phenolic contents of Botryocladia leptopoda
(a, b) extraction yields. Different letters on the error bars indicate significant differences among the
extraction groups and treatments (p < 0.05). AE: alkaline extract obtained at 25 ◦C; FE: ethanol extract
obtained at 25 ◦C; HE: ethanol extract obtained at 70 ◦C; HW: hot water extract obtained at 100 ◦C.

In results of the extraction efficiency (Figure 1b), the HW group showed the highest
yield, reaching 41.3%. Concentrations in descending order were the AE group (21.1%), HE
group (9.5%), and FE group (6.4%). Harb et al. [33] found that water extraction showed
3–13-fold higher yields compared to methanolic extraction, which was similar to our results.
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Owing to high polysaccharide contents in algae, the water extraction method was used to
facilitate polysaccharide extraction, which may explain the results.

Free radical-scavenging properties were proven to promote wound-healing pro-
cesses [34]. Therefore, evaluating the antioxidative abilities is crucial for biological in-
gredients applied to wound care, especially specific wounds such as diabetic wounds [35].
Results for DPPH (Figure 2a) showed that both the FE and HE groups exhibited strong
antioxidation at 73.8~94.8% and 45.7~94.7%, respectively. These results suggested that the
FE and HE samples contained significantly higher amounts of lipophilic antioxidants due to
extraction with ethanol. In the AE and HW groups, hydrophilic solvents proved inadequate
to extract lipophilic antioxidants, thereby resulting in reduced DPPH radical-scavenging
activities (of 21.1~25.4% and 26.3~43.3%, respectively).

  
(a) (b) 

Figure 2. Antioxidant effects of various extracts (a) against DPPH radicals and (b) in a FICA assay.
Different letters on the error bars indicate significant differences among the extraction groups and
treatments (p < 0.05). AE: alkaline extract obtained at 25 ◦C; FE: ethanol extract obtained at 25 ◦C;
HE: ethanol extract obtained at 70 ◦C; HW: hot water extract obtained at 100 ◦C.

In the results of ferrous iron-chelating activity (Figure 2b), the AE group exhibited
the highest ferrous iron-chelating capacity compared to the other groups. Interestingly,
the iron-chelating activity followed a trend similar to that observed for TPC. This sug-
gested that phenolic compounds in the AE may contribute to its high metal-chelating
capacity. Previous studies showed that specific polyphenols derived from macroalgae
possess ferrous iron-chelating properties [36,37]. Although the AE group demonstrated
saturated ferrous iron-chelating activity, this finding confirmed its strong antioxidant po-
tential. Subsequent experiments further assessed its wound-healing efficacy using different
extract doses in cellular assays. Based on the potential of AE and FE in demonstrating
antioxidant properties, these two groups were selected as the primary experimental groups
for subsequent experiments.

2.2. Anti-Inflammatory Activity of B. leptopoda Extracts in Macrophages

In the non LPS-induced inflammation of TNF-α expression (Figure 3a), the TNF-α
RNA level was found to have slightly increased or remained unchanged with increasing
FE and AE treatment concentrations. Compared to the untreated group (92%), the highest
treatment concentrations (1 mg/mL) reached 136% (in the FE group) and 81.75% (in the
AE group). However, in the LPS-induced inflammation group, expression levels of TNF-α
decreased from 13,376% to 6006.5% and 9072.2%, respectively.
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(a) 

(b) 

Figure 3. Effects of Botryocladia leptopoda extracts on expression levels of proinflammatory-associated
genes in LPS-stimulated RAW 264.7 macrophages. (a) TNF-α and (b) IL-6. Different letters on the
error bars indicate significant differences among the different concentrations of the extract (p < 0.05).
AE: alkaline extract obtained at 25 ◦C; FE: ethanol extract obtained at 25 ◦C.
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Interestingly, a similar trend was also observed in the analysis of IL-6 (Figure 3b). In
the LPS-induced inflammation group, the highest treatment concentrations of FE and AE
(1 mg/mL) suppressed IL-6 expression from 4042.9% to 1811.5% and 2327%, respectively.
These results indicated that both the FE and AE exhibited anti-inflammatory effects by
inhibiting TNF-α and IL-6 expressions. These proinflammatory cytokines are involved
in different types of inflammation, which lead to apoptosis and cell death at the wound.
Apoptosis of dermal keratinocytes was considered to have delayed the wound-healing
process [38]. Furthermore, the over-inflammation of a wound also causes release of reactive
oxygen species (ROS) resulting in the formation of granulation tissues [39]. Therefore,
the anti-inflammatory properties of an extract can help the wound-healing processes of
proliferation and remodeling.

2.3. Cell Cytotoxicity, Proliferation, and Migration of Fibroblast Cells

In the cytotoxicity results (Figure 4), the FE and AE groups both maintained at least
80% cell viability at treatment concentrations below 1.5 mg/mL. However, at 2 mg/mL,
cell viability significantly decreased to 70.59% and 80.3%, respectively. Therefore, test
concentrations of <2 mg/mL were utilized in subsequent cell-based experiments.

  
(a) (b) 

Figure 4. Cytotoxic effects on L929 fibroblast cells under different concentrations of (a) FE and
(b) AE treatment. Different letters on the error bars indicate significant differences among the
different concentrations of the extract (p < 0.05). FE: ethanol extract obtained at 25 ◦C; AE: alkaline
extract obtained at 25 ◦C.

In the late stage of wound healing such as proliferation and remodeling, fibroblasts
will adhere and migrate to the wound to release various signaling factors to enhance
angiogenesis and granulation tissue formation [40]. Hence, proliferation and migration
abilities are crucial to evaluate the potential of wound-healing agents and dressings [41].

In Figure 5a, the FE group demonstrated a similar increase in proliferation effects
following treatment with concentrations ranging from 0.25 to 1.5 mg/mL; however, a
significant reduction in proliferation was observed at a concentration of 2 mg/mL. With
AE treatment (Figure 5b), although treatment with concentrations exceeding 1.5 mg/mL
showed a slight reduction in their ability to enhance the proliferation ability, the overall
treatment effects still promoted cell proliferation, ranging from approximately 112.3% to
87.7%. The observed results may be associated with cytotoxicity. By comparing cytotoxi-
city results with proliferation outcomes, it was evident that treatment groups showing a
decline in the differentiation capacity exhibited a significant upward trend in cytotoxicity.
Therefore, lower treatment concentrations of extracts (0.25 and 0.5 mg/mL) were used in
the migration experiment. In addition, the observation that lower concentrations of the
extract promoted cell migration may also have resulted from other potential mechanisms
such as the involvement of bioactive compounds exhibiting biphasic effects. For instance,
endostatin is known to enhance cell migration at specific concentrations, yet inhibits this
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process at higher concentrations, reflecting its dual functional characteristics [42]. To
confirm these effects, it is essential to isolate and characterize the active compounds for
targeted validation through subsequent studies.

  
(a) (b) 

Figure 5. Cell proliferation on L929 fibroblast cells under different concentrations of (a) FE and
(b) AE treatment. Different letters on the error bars indicate significant differences among the
different concentrations of the extract (p < 0.05). FE: ethanol extract obtained at 25 ◦C; AE: alkaline
extract obtained at 25 ◦C.

In Figure 6a, all treatment groups exhibited significant cell migration, with cells
moving from the seeding area to the central void within 24 h. Interestingly, in both the FE
and AE groups, 0.25 mg/mL treatment (442.2% and 535.6%, respectively) demonstrated
superior migration performance compared to 0.5 mg/mL treatment (398.7% and 387.8%,
respectively) (Figure 6b).

(a) 

 
(b) 

Figure 6. Cell migration of L929 cells under different concentrations of Botryocladia leptopoda extracts.
(a) In vitro scratch assay of cell diffusion and (b) quantitative analysis of cell diffusion. Original
magnification ×40. Different letters on the error bars indicate significant differences among the
different concentrations of the extract (p < 0.05). AE: alkaline extract obtained at 25 ◦C; FE: ethanol
extract obtained at 25 ◦C.
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2.4. Evaluation of Scar Inhibition In Vitro

To evaluate the effect of B. leptopoda extracts on scar inhibition in vitro, a PMA-induced
L929 cell model was utilized to investigate the RNA-level overexpression of MMPs, specifi-
cally MMP2, and MMP9 (Figure 7a–c).

Figure 7. Effects of different Botryocladia leptopoda extracts on H2O2-induced changes in an intracel-
lular reduced ratio of (a) MMP-2, (b) MMP-9 and (c) TIMP-2, mRNA expressions. Different letters
on the error bars indicate significant differences among the different concentrations of the extract
(p < 0.05). AE: alkaline extract obtained at 25 ◦C; FE: ethanol extract obtained at 25 ◦C.

MMP2 is a kind of gelatinase which is involved in matrix remodeling, but its overex-
pression was implicated in delayed wound healing and tissue degradation [43]. MMP9
is essential for maintaining the dynamic equilibrium of the extracellular matrix (ECM)
and is a key participant in wound-healing processes, serving as an important biomarker
for anti-aging and skin regeneration [44]. Nevertheless, aberrant upregulation of MMP9
was associated with excessive granulation tissue formation [39], impaired healing, and the
potential development of keloids [45].

In results of MMP9 RNA expression (Figure 7c), the AE group exhibited a decrease in
RNA expression from 199% to 136%. Interestingly, results for MMP2 (Figure 7a) showed
that both the FE and AE inhibited MMP2 RNA expression from 540% to 277% and 93%,
respectively. These results suggested that the FE can inhibit MMP2 overexpression to avoid
skin elasticity decrease and wrinkle formation. Jung et al. [46] reported that matrine can
inhibit PMA-induced MMP-1 mRNA expression by utilizing inhibition of activating protein
(AP)-1 promoter activation, which may be helpful for anti-inflammation of dermatitis.
Results also showed that the AE greatly repressed MMP2 and MM9, which may lead to
acceleration of wound healing and wrinkle formation caused by collagen degradation.

However, this still needs to be further proven utilizing animal experiments. In addition,
TIMP-2 (the repressor gene of MMP2) RNA expression was also investigated (Figure 7c).
Results indicated that AE treatment strongly enhanced TIMP-2 expression, which suggests
that the AE can downregulate expression levels of MMP2 by modulating TIMP-2 activity.
A previous study also demonstrated similar results that the Davallia bilabiate water extract
decreased PMA-induced MMP2 expression by upregulating the TIMP-2 RNA level, which
provided a potential anti-angiogenic effect [47]. It should be noted that the current study
evaluated MMP and TIMP expression only at the mRNA level, and it may still occur in
the correlation of error with protein expression; therefore, future studies will therefore
include protein-level validation and enzymatic assays to confirm the regulatory effects of
the extracts on the MMP/TIMP pathway.

In this study, based on the high TPC of AE and FE, the negative ion mode of ultra-high-
performance liquid chromatography (UHPLC) was used to characterize these two extracts
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(Table 1 and Figure S1). Both were found to primarily exhibit functions associated with
anti-inflammatory, antioxidant, and immunomodulatory activities. However, variations in
the proportional distribution of these components were observed, which may account for
the comparable effects of AE and FE in these functional domains. These findings provide
additional evidence supporting their potential to promote wound healing. In addition,
although UHPLC-MS was employed in this study for preliminary component identification,
this analysis was insufficient to confirm the active constituents. Therefore, further studies
will perform advanced characterization to determine the key bioactive compounds and
elucidate their structures.

Table 1. Composition analysis of B. leptopoda extracts in negative ion mode. AE: alkaline extract
obtained at 25 ◦C; FE: ethanol extract obtained at 25 ◦C.

Proportion (%) Compound
Potential Skin Care

Related Function

FE

31.25 Quinolin-3-ol Preservatives, disinfectants
and pesticides

10.8
8-Hydroxyquinoline-5-

carboxylic
acid

Antioxidant

10.05 6-Methylnicotinic acid Anti-inflammatory

8.61 4-Hydroxybenzaldehyde Preservatives, skin
whitening

5.64 1H-Indole-3-carboxylic acid Antimicrobial property
3.84 4-Hydroxyquinoline Dehydrogenase inhibition

AE

37.2 Indoleacetic acid Skin moisturizing,
anti-oxidation

21.23 Quinolin-3-ol Preservatives, disinfectants
and pesticides

8.17 1H-Indole-3-carboxylic acid Antimicrobial property,
anti-inflammatory

3.6 2-(Formylamino)benzoic acid Preservatives

3. Discussion

The present study demonstrated that AE and FE from B. leptopoda exhibit significant
antioxidant, anti-inflammatory, and wound-healing properties. These biological activities
can be attributed to the nitrogen-containing heterocycles and phenolic derivatives identified
in the extracts. In agreement with previous studies also showing that phenolic and benzoic
acid derivatives from marine algae exert potent anti-inflammatory and antioxidant effects
that promote tissue regeneration [23,48,49], the high TPC observed in the AE supports its
strong bioactive potential. AE group not only yielded higher TPC but also enhanced the
solubilization of cell wall-bound phenolics by partially disrupting the cellulose structure
of algal cell walls, consistent with prior findings by Sun et al. [29]. Although most of the
compounds identified in the AE and FE fractions were not polyphenolic in nature, the TPC
assay used in this study still exhibited high apparent TPC values due to the strong reducing
capacity of these compounds. For instance, indole derivatives possess mild reducing
power, whereas 4-hydroxybenzaldehyde contains a phenolic hydroxyl group contributing
to the reaction.

The antioxidant assay results revealed that FE exhibited higher free radical scavenging
activity, indicating the presence of lipophilic antioxidant compounds effectively extracted
by ethanol. In contrast, AE showed a stronger ferrous ion-chelating capacity, consistent
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with its higher TPC value, suggesting a strong correlation between the concentration of
extracted compounds and their metal-chelating activity. These findings are consistent with
previous evidence that marine-derived indole and phenolic compounds can scavenge free
radicals and bind transition metals, thereby alleviating oxidative stress and facilitating the
wound-healing process [50,51].

The anti-inflammatory activity of the AE and FE were found to suppress TNF-α and
IL-6 mRNA expression in LPS-induced macrophages. Overexpression of these proinflam-
matory cytokines is known to delay cellular regeneration by promoting apoptosis and
excessive ROS generation. Therefore, the downregulation of TNF-α and IL-6 suggested
that the extracts decreased the inflammatory cascades and restore redox balance to enhance
the cell proliferation and remodeling [38,39].

In vitro scar inhibition assays revealed that both AE and FE could inhibit PMA-
induced overexpression of MMP2, and MMP9 gene. These genes were related to the
degradation of collagen and extracellular matrix components, leading to delayed healing
and wrinkle formation [43]. Especially, AE significantly reduced MMP2 and MMP9 ex-
pression while enhancing TIMP-2 level, implying its regulatory effect on the MMP/TIMP.
This balance is essential for maintaining extracellular matrix homeostasis and preventing
excessive tissue remodeling [45]. This regulation may explain the superior wound-healing
observed for AE in cell model.

UHPLC analysis identified quinolin-3-ol as the predominant compound in FE group,
whereas indoleacetic acid was the major constituent in the AE group. Quinolin-derivatives
have been reported to possess strong antioxidant and anti-inflammatory activities [52],
which could explain the superior ROS-scavenging capacity and cytokine inhibition ob-
served in FE-treated groups. In contrast, the study of indoleacetic acid and wound healing
remains limited. Some studies have explored its use as a hydrogel component to enhance
wound repair [53]; however, its underlying mechanism of action has not yet been clearly
elucidated. Therefore, it still requires further identification and isolation to confirm the
actual active components present in the extract.

In addition, the biochemical composition of macroalgae varies with species, season,
and environmental conditions, which can influence their bioactivities. Although a detailed
composition analysis of B. leptopoda was not performed in this study, previous reports
indicate that Botryocladia species are rich in phenolic compounds with antioxidant and
anti-inflammatory potential [21]. Future work will focus on correlating these constituents
with the observed wound-healing effects.

In summary, these findings suggest that AE and FE from B. leptopoda exhibit multiple
therapeutic functions—combining antioxidant and anti-inflammatory activities, as well
as promoting cell proliferation and cell adhesion. These functions may contribute to
skin regeneration and scar inhibition. The identification of key compounds not only
reveals their biological mechanisms but also highlights the potential of B. leptopoda extracts
for pharmaceutical and cosmeceutical applications. In future work, in vivo studies are
necessary to further validate their potential for developing wound-healing formulations.

4. Materials and Methods

4.1. Materials and Chemicals

RAW 264.7 macrophage and L929 fibroblast cell lines were obtained from American
Type Culture Collection (ATCC; Manassas, VA, USA). EDTA, trypsin, and antibiotics
(penicillin/streptomycin) were obtained from GE Healthcare Life Science (Logan, UT,
USA). Vivaspin 15R and Vivaspin Turbo 15 were obtained from Sartorius Stedim Biotech
(Goettingen, Germany). Cell culture media (Dulbecco’s modified Eagle medium (DMEM),
supplemented with high glucose, phenol red, sodium pyruvate, and L-glutamine) and
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fetal bovine serum (FBS) were procured from Hyclone Laboratories (Logan, UT, USA).
All chemicals used in this study were of analytical grade and purchased from Merck
(Burlington, MA, USA). The Cell Proliferation ELISA (enzyme-linked immunosorbent
assay) BrdU kit was purchased from Roche Applied Science (Mannheim, Germany). MTS
reagent powder (G1111) and phenazine methosulfate were purchased from GeneLabs Life
Science Corp. (Taipei, Taiwan).

4.2. Extraction of B. leptopoda

Raw material of B. leptopoda was obtained from the Eastern Marine Fishery Research
Center of the Ministry of Agriculture (Taitung, Taiwan). After being thoroughly washed,
the alga was dried and pulverized. The powder was sieved through a 40-mesh screen. B.
leptopoda powder was then extracted at 25 ◦C using sodium hydroxide (alkaline extract, AE),
at 25 ◦C using ethanol (FE), at 70 ◦C using ethanol (HE), and at 100 ◦C using deionization
and distilled (dd)H2O (HW extract). Extraction was performed using different solvents and
temperatures under ultrasonic treatment at 20 kHz in an ice bath for 30 min. The mixtures
were then centrifuged at 13,000× g, and the supernatants were collected and stored in
light-protected tubes at −20 ◦C for further experiments. All experiments were conducted
as repeated measurements using the same extraction sample, while independently re-
extracted samples were also examined to verify the reproducibility and consistency of
the results.

4.3. Identification of B. leptopoda Extracts Using Ultra-High-Performance Liquid
Chromatograph (UHPLC)

In this study, 10 mg of freeze-dried microalgal biomass was suspended in 1 mL of
chromatography-grade methanol containing 1% BHT, vortexed for 5 min, and then stored
at 4 ◦C for 1 h. The mixture was subsequently subjected to ultrasonic extraction at 20 kHz
in an ice bath for 30 min, followed by centrifugation at 12,000× g for 5 min at 4 ◦C. The
resulting supernatant was filtered through a 0.22 μm PTFE membrane and used for further
analysis. The chemical composition of the extract was analyzed using an UHPLC system
(Vanquish Horizon, Thermo Scientific, Milan, Italy) coupled with a quadrupole-Orbitrap
high-resolution mass spectrometer (Q-Orbitrap-HRMS) (Thermo Scientific). Separation
was achieved on a Syncronis C18 column under chromatographic conditions, with a flow
rate of 0.3 mL·min−1 and an injection volume of 5.0 μL. Full-scan mass spectrometric data
were acquired in negative ion modes at a resolving power of 70,000 FWHM, covering
an m/z range of 100–1200. The automatic gain control (AGC) target was set to 5 × 105

ions, with a maximum injection time of 200 ms. Data-dependent acquisition (DDA) was
applied to obtain product ion spectra using collision energies of 45–60 eV and a resolution
of 35,000 FWHM. A mass inclusion list containing precursor ion m/z values of target
compounds and acquisition windows was employed.

4.4. Total Phenolic Content (TPC)

The TPC was used according to a method described by Pérez et al. [54] with slight
modification: 0.25 mL of Folin–Ciocalteu reagent was mixed with 0.25 mL of an extract
(volume ratio of 1:1), and the mixture was thoroughly mixed for 3 min at room temperature.
Fifty milliliters of a 20% Na2CO3 solution was slowly added and incubated at 40 ◦C for
20 min. The absorbance of the mixture was determined at 755 nm. The TPC was calculated
using a gallic acid standard curve, and results are expressed as milligrams of gallic acid
equivalents per milliliter (mg GAE/mL).
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4.5. Antioxidation Ability

Different concentrations of extracts (2, 5 and 10 mg/mL) were prepared using
80% methanol, and were shaken and extracted at 150 rpm and 25 ◦C for 30 min, followed
by centrifugation at 8000× g and 4 ◦C for 20 min, and the supernatant was collected and
used in the following experiment. L-Ascorbic acid (2, 5, and 10 mg/mL) was used as the
positive control in the antioxidation ability assays.

In the diphenyl-1-picrylhydrazyl (DPPH) free radical-scavenging activity assay [55],
0.1 mM methanolic DPPH as a reaction solution was mixed with an extract (volume ratio
of 1:1) at 25 ◦C in the dark for 30 min, and the absorbance value at 517 nm was measured.

The DPPH assay is based on the reduction in the stable purple DPPH radical to a
yellow-colored diphenylpicrylhydrazine upon reaction with an antioxidant, which donates
hydrogen or electrons. The decrease in absorbance at 517 nm indicates the free radical-
scavenging ability of the sample.

Results were expressed as the scavenging activity (%) using Equation (1):

Scavenging activity (%) =
Anc −

(
Asample − Ablank

)
Anc

× 100%; (1)

where Anc, Asample, and Ablank are the absorbance at 517 nm for the negative control (0.1 mM
methanolic DPPH, without the addition of sample), sample (0.1 mM methanolic DPPH,
with the addition of extract at a specific concentration), and blank (sample with ddH2O),
respectively. Trolox (6-hydroxy-2,5,7,8-tetramethyl chroman-2-carboxylic acid) was used as
the standard antioxidant for the assay.

In the ferrous ion-chelating activity (FICA) assay [56], 1 mL of extract was mixed
with 0.1 mL of a 2 mM FeCl2 solution for 30 s, and reacted with 0.2 mL of 5 mM ferrous
hydrazine at room temperature for 10 min. The absorbance value at 562 nm was measured.

The FICA assay is based on the ability of antioxidants to compete with ferrozine for
ferrous ions (Fe2+). When chelating agents are present, they form complexes with Fe2+,
reducing the formation of the red-colored ferrozine–Fe2+ complex, which results in a lower
absorbance at 562 nm.

Results are expressed as ferrous ion-chelating activity (%) using Equation (2):

Ferrous ion − chelating activity(%) =
Anc −

(
Asample − Ablank

)
Anc

× 100%; (2)

where Anc, Asample, and Ablank are the absorbance at 562 nm for the negative control (2 mM
FeCl2 solution, with ddH2O), sample (2 mM FeCl2 solution, with the addition of extract at
specific concentration), and blank (sample with ddH2O), respectively.

4.6. Detection of Anti-Inflammatory Ability

To confirm the ability of inflammatory inhibition by B. leptopod extracts, lipopolysac-
charide (LPS)-treated RAW 264.7 macrophages were used as the detection cell model.

The anti-inflammatory was evaluated using ELISA kits to analyze levels of interleukin
(IL)-6 (DY 406, R&D Systems Inc., Minneapolis, MN, USA), and tumor necrosis factor
(TNF)-α (DY 410, R&D Systems Inc., Minneapolis, MN, USA). A 96-well plate coated with
capture antibodies of IL-6 and TNF-α was washed with washing buffer, and 1× assay
diluent (200 μL/well) was added at room temperature for 1 h. The assay diluent, AE or
FE (62.5, 125, 250, 500, and 1000 μg/mL), and RAW 264.7 macrophage cells (106 cells/mL)
with or without LPS treatment (1 μg/mL) were mixed at room temperature for 1 h. After
washing buffer treatment, avidin-horseradish peroxidase (HRP) (100 μL/well) was added,
and incubated for 30 min. After washing buffer treatment, the 3,3,5,5′-tetramethylbenzidine
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(TMB) substrate (100 μL/well) was added and incubated for 15 min in a dark room. The
reaction was stopped by adding a stop solution (50 μL/well), and the OD value at 450 nm
was detected.

4.7. Cell Cytotoxicity, Proliferation, and Migration

For the cell cytotoxicity assay, L929 fibroblast cells were cultured in 90% DMEM and
10% FBS for 3 days in an incubator at 37 ◦C with 5% CO2 airflow. L929 fibroblasts at a
concentration of 106 cell/mL were plated in a 96-well plate with culture medium containing
different concentrations of B. leptopoda extracts for 4 h of incubation. Treated cells were
washed twice with phosphate-buffered saline (PBS), then 120 μL of 10-fold diluted MTS
reagent was added to each well. Cells were left for 1 h in an incubator at 37 ◦C in the dark.
The number of viable cells was measured at a wavelength of 490 nm. The diluted MTS
reagent was used as a blank, and wells containing cells without extract addition were used
as a negative control. Cell viability was calculated by comparing absorbance values of
treated groups to that of the control group, which was set to 100%.

In the cell proliferation assay, L929 fibroblasts at a concentration of 2 × 105 cells/mL
were plated in a 96-well plate with culture medium containing different concentrations of
B. leptopoda extracts for 24 h of incubation and mixed with a BrdU solution (10 μL/well,
10 μM) for 4 h at 37 ◦C. After the medium was removed, cells were fixed and incubated for
30 min at room temperature. A solution of a BrdU antibody conjugated with peroxidase was
added (100 μL/well) for 90 min of treatment. Wells were washed with washing solution
(200 μL/well), and a substrate solution (100 μL/well) was added. The absorbance was
monitored at 370 nm. The proliferation ability was calculated by comparing absorbance
values of treated groups to that of the control group, which was set to 100%.

In the cell-migration assay, L929 cells were inoculated in a culture dish with a central
void and incubated until 80~90% cell confluency was reached. Cells migrated directly
from the surroundings into the central void, and cell fragments were cleaned with PBS.
Different concentrations of extracts were added to the serum-free medium. The central
void was measured under an inverted microscope at 24 h. ImageJ software (1.53 k, National
Institutes of Health, Bethesda, MD, USA) was used to calculate the area of the void area,
and the migration rate was calculated using Equation (3):

Migration rate(%) =
A0 − A24

A0
× 100%; (3)

where A0 and A24 are areas of the void area at 0 and 24 h, respectively, after treatment with
the extract.

4.8. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

To detect the anti-scarring effects of different B. leptopoda extracts, messenger (m)RNA
expressions of genes including matrix metalloproteinase genes (MMP-1, MMP-2, and
MMP-9) and tissue inhibitor of metalloproteinase 2 (TIMP-2) were investigated. L929 cells
(6 × 105 cell/mL) were seeded inT25 flasks for 4 h. Medium with extract was added and
incubated at 37 ◦C for 24 h. Phorbol-12-myristate 13-acetate (PMA) (1 μg/mL) was also
added to the medium before incubation to induce MMP-related gene activation.

Total RNA extracted from cell samples was converted to complementary (c)DNA
using an iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA). A reverse-transcription
quantitative polymerase chain reaction (RT-qPCR) analysis was carried out using iScript
RT-qPCR Sample Preparation Reagent (Bio-Rad).

The qPCR conditions were 2 min at 50 ◦C and then 10 min at 95 ◦C. Afterward,
conditions were set to 40 cycles of 15 s in which the temperature was kept at 95 ◦C and sub-
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sequently dropped to 60 ◦C for 60 s. The qPCR analysis involved the use of specific forward
(F) and reverse (R) primers, namely MMP-2 RNA-F (5′-ATCGCAGACTCCTGGAATG-
3′) and MMP-2 RNA-R (5′-CCAGCCAGTCTGATTTGATG-3′) for the MMP-2 RNA
gene, MMP-9 RNA-F (5′-GAGCCCTAGTTCAAGGGCAC-3′) and MMP-9 RNA-R (5′-
TCCAGTACCAAGACAAAGC-3′) for the MMP-9 RNA gene, and TIMP-2 RNA-F (5′-
GGTAGCCTGTGAATGTTCCT-3′) and TIMP-2 RNA-R (5′-ACGAAAATGCCCTCAGAAG-
3′) for the TIMP-2 gene. Expression levels were standardized to those of the housekeeping
gene, GAPDH RNA-F (5′-ACTCCACTCACGGCAAATTCA-3′) and GAPDH RNA-R (5′-
CGCTCCTGGAAGATGGTGAT-3′) for the mouse GAPDH gene. Calculation formulas
were as follows: Relative expression of gene = 2ΔΔCT.

�CT = CT(target gene)− CT (re f erence gene)

�� CT = �Ct(control target gene)−�Ct (treatment target gene)

4.9. Statistical Analysis

All experiments were independently repeated at least three times, and the obtained
data are expressed as the mean ± standard deviation (SD). Statistical data analyses were
performed using SPSS Statistics 22 (IBM, Armonk, NY, USA). A one-way analysis of
variance (ANOVA) with Tukey’s honest significant difference (HSD) test was applied to
determine significant differences (p < 0.05).

5. Conclusions

In summary, different B. leptopoda extracts were investigated for their in vitro antioxi-
dation, proliferation, migration, and scar-inhibition activities. Result for the TPC showed
that the AE had the highest phenolic compound contents. As to the antioxidative ability,
the FE and HE presented the greatest DPPH-scavenging activities, and the AE exhibited
an excellent FITA antioxidant ability. The FE and AE blocked LPS-induced inflammation
in RAW 264.7 macrophages via suppressing proinflammatory cytokines such as TNF-α
and IL-6 in concentration-dependent manners. As to proliferation, the FE and AE both
presented an ability to enhance cell proliferation and migration at a low concentration
of 0.25 mg/mL. Lastly, the FE and AE suppressed MMP2 overexpression, while further,
respectively, inhibiting MMP9. This may help prevent wrinkle formation and the loss of
skin elasticity and promote wound healing. In the future, further studies will focus on
exploring the effects of specific compounds within the extracts on wound healing. Addi-
tionally, animal experiments will be conducted to validate the biological efficacy of these
extracts in promoting wound healing.
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Abstract: The technology of fucoidan extraction significantly affects its properties. This
study aimed to evaluate the impact of dynamic maceration (DM) and ultrasound-assisted
extraction (UAE) on the antioxidant and anticancer properties of fucoidan from Arctic
brown algae. Fucus vesiculosus (Fv), Fucus serratus (Fs), Fucus distichus (Fd), and Ascophyllum
nodosum (An) were collected from the Barents Sea. The average yield of fucoidan and uronic
acid was higher (by 43.2% and 22.0%, respectively) after UAE, while phlorotannin content
decreased by 53.7% compared with DM. The fucose level for all algae increased after UAE,
while the molecular weight of fucoidans was lower. The highest antioxidant activity was
noted for the fucoidan from An and Fv, which were obtained by DM and can be associated
with the high concentrations of phlorotannins. The treatment of HeLa G-63 cells with all
studied fucoidans for 48 h increased concentration-dependently the number of dead cells.
The most promising were Fv and Fs fucoidans with high phlorotannins, low sulfates, and
uronic acid extracted by DM. The co-administration of paclitaxel and fucoidan caused
cell cycle arrest in the G2/M phase. The calculated for the first time combinatory effect
showed that the simultaneous use of paclitaxel and fucoidan exposure leads to a synergistic
interaction. Our results support the rationality of fucoidan use in complex chemotherapy
to improve survival, quality of life and immunity in patients with cervical carcinoma.

Keywords: fucoidan; phlorotannins; paclitaxel; brown algae; extraction; activity; synergy

1. Introduction

Life originated in the seas and oceans with a vibrant biodiversity, covering more than
70% of the Earth’s surface. The marine environment contains several species of plants,
animals, and microorganisms producing various natural products [1]. Arctic brown algae
are a perspective source of unique compounds that can create various products with
beneficial properties. In the Northern Hemisphere, the genera Fucus, Ascophyllum, and
Pelvetia of the family Fucaceae predominate in the intertidal zones of many cold and warm
temperate regions [2,3]. These algae are the best known and are of increasing importance
due to their high content of various phytochemicals with industrial applications [4–6].
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Various species of brown algae have traditionally been used as food or dietary sup-
plements in people’s daily diets, typically in Far East Asian countries where seaweed
consumption is part of their culture. In addition, although less frequently, some species of
Fucus have also been consumed in coastal countries of Western Europe, the Arctic region,
and Alaska [7]. Long-term scientific studies on patients have revealed correlations between
a diet containing algae and a reduced risk of developing arterial hypertension, coronary
heart disease, and cerebrovascular and oncological diseases [8–10]. It has been shown that
including algae in the diets of patients with cardiovascular diseases reduces the risk of
death from complications [11]. In the case of patients with oncological diseases, it helps
to increase life expectancy [12]. Expanding interest in algae as a wealthy source of bioac-
tive metabolites (primarily polysaccharides) and macro- and micro-elements has revealed
promising applications in functional foods and nutraceutical manufacturing [13,14].

The major sulfated polysaccharide known as fucoidan is extracted from marine brown
algae. The structure of fucoidan is heterogeneous and varies significantly in composi-
tion and chemical structure between species, depending on both regional and seasonal
influences and the extraction method, enzymatic structural modifications, and purifica-
tion [15–17]. Fucoidan consists mainly of L-fucose and sulfate [18–20]. It also comprises
other monosaccharides like galactose, glucose, mannose, rhamnose, arabinose and xylose,
and uronic acids [21,22].

Fucoidan has been reported to have antioxidant, antiviral, antibacterial, anti-
inflammatory, anticoagulant, antiobesity activities, etc. [23–25]. Accumulated evidence
supports the notion that the use of fucoidan as a supplement offers protection against
various types of cancer. Some authors have reported that fucoidan has antiangiogenic and
antiproliferative activity against cancer cells in vitro, as well as inhibitory activity against
tumor growth in mice [26]. Fucoidan has been shown to exhibit antimetastatic activity
by blocking the interaction between cancer cells and the basement membrane. Fucoidan
inhibits cancer cells proliferation and cancer cells adhesion to various substrates. Several
in vitro and in vivo studies have shown that fucoidan has strong antitumor activity [27,28].
Fucoidans have been shown to have low toxicity to normal cells [29,30]. Since fucoidan also
has an immunomodulatory effect [31], it has been postulated that it may have a protective
effect against the development of side effects when combined with chemotherapeutic
agents and radiation [32]. These studies showed the potency of fucoidan as a chemopre-
ventive agent and are the basis for the effort to develop fucoidan as a chemotherapeutic
agent to increase the cytotoxic activity and reduce the side effects of paclitaxel.

Diverse methods have been described for fucoidan extraction, ranging from tradi-
tional maceration to modern and advanced. According to the data discussed in a recent
review [33], the yield of fucoidan varied from 2.26% (hot water maceration from Sargassum
vulgare) up to 19.5% (extraction by McIlvaine’s buffer solution at 60 ◦C and pH 4.0 from
Sargassum spp.). In some studies, microwave-assisted extraction was established as an ef-
fective method for the extraction yield [34], while other authors have advocated ultrasound-
assisted extraction [35].

In some publications, polyphenolics coextracted with fucoidan are considered as
contaminants [24]. The brown color of the algae and, consequently, of the crude fucoidan,
is primarily due to polyphenols (e.g., phlorotannins) and fucoxanthin, which are closely
coupled with fucoidans in the cell wall [22]. Breaking this bond requires significant
purification expenses. However, some authors have shown that polyphenolic impurities in
fucoidan contribute to antioxidant, anti-inflammatory, anticancer, and other activities [15,
34,36].

Scientific teams from various countries have attempted to link the activities with
fucoidan’s structural features, including molecular weight, monomer composition, sulfate
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content, and sulfation pattern. Nevertheless, this structure-activity relationship is still not
well verified and varies depending on the extraction methods used [37–40].

However, the systematic comparison of the effects of extraction methods on the
antioxidant and anticancer activities of fucoidans isolated from different brown algae
species has not been performed yet. Although synergy for fucoidan with some anticancer
drugs was claimed in the literature, the synergistic effect was not calculated.

The aim of this study was (a) to compare the efficacy of dynamic maceration (DM)
and ultrasound-assisted extraction (UAE) of fucoidan from four Arctic brown alga species,
(b) to evaluate the antioxidant activity and cytotoxicity of isolated fucoidans on HeLa G-63
cells, and (c) to study synergistic effect of fucoidan with paclitaxel (Ptx) on inhibition of
HeLa G-63 cells.

2. Results and Discussion

2.1. The Impact of Extraction Methods on the Yield and of Fucoidans Composition

The fucoidans analyzed in this study are native, unfractionated polysaccharides, which
contain other co-extracted substances such as polyphenols and uronic acids. Therefore,
the term “fucoidan yield” is used rather than “sulfated polysaccharide yield” [24]. The
effectiveness of two intensive methods (DM and UAE) for the extraction of fucoidan was
compared in this study (Figure 1).

Figure 1. Scheme of extraction brown algae using dynamic maceration and ultrasound-
assisted extraction.

The DM combines maceration with mechanical homogenization and temperature.
In this case, a forced convection phenomenon allows a more efficient extraction in less
time [41]. UAE was used to obtain polysaccharides from algae [42] and can be applied
simultaneously to acid extraction [43] or as a previous pretreatment before acid extrac-
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tion [44]. The effect of two different extraction methods on fucoidan yield is shown in
Table 1.

Table 1. Yield and chemical composition of fucoidans isolated from Arctic brown algae.

Species
Extraction
Method

Sample
Fucoidan

Yield,
%dw

Fucoidan,
%dw

Mw, kDa
IC50,
μg/mL

TPC, %dw
FRAP,
μMTE

F. vesiculosus
DM Fv1 9.4 ± 0.4 * 59.4 ± 0.2 * 244 ± 8 * 368 ± 13 * 5.4 ± 0.1 * 185 ± 4 *
UAE Fv2 17.4 ± 0.3 64.1 ± 0.4 195 ± 11 640 ± 12 3.3 ± 0.1 159 ± 5

F. distichus
DM Fd1 11.2 ± 0.3 * 58.8 ± 0.3 * 273 ± 7 * 626 ± 20 * 4.2 ± 0.2 * 175 ± 5 *
UAE Fd2 14.9 ± 0.7 63.5 ± 0.2 229 ± 9 1212 ± 34 1.6 ± 0.1 96 ± 6

F. serratus
DM Fs1 8.0 ± 0.3 * 53.1 ± 0.2 * 263 ± 8 * 301 ± 17 * 5.1 ± 0.3 * 176 ± 6 *
UAE Fs2 12.6 ± 0.5 57.7 ± 0.5 239 ± 6 1498 ± 54 1.4 ± 0.2 94 ± 4

A. nodosum
DM An1 12.4 ± 0.4 * 58.8 ± 0.6 * 364 ± 10 * 667 ± 20 * 6.7 ± 0.3 * 194 ± 9 *
UAE An2 13.8 ± 0.3 60.7 ± 0.1 222 ± 7 1042 ± 30 3.6 ± 0.4 156 ± 6

Data is shown as a mean ± sd (n = 3). * Multiple comparison analyses show statistically significant differ-
ences (p < 0.05) between DM and UAE extraction methods. Mw—molecular weight; IC50—anticancer activity;
TPC—total phlorotannins content; FRAP—Ferric reducing antioxidant power.

It was found that the extraction method affects not only the yield of fucoidan and
its composition, including sulfates, uronic acids, and total phlorotannins, but also the
monosaccharide composition and molecular weight of the polysaccharide (Tables 1 and 2).
When using UAE (mean for four algae species), a significant increase in fucoidan yield by
43.2% (Figure 2) and uronic acid levels by 22.0% (Figure 3) was observed. At the same time,
the content of total phlorotannins was (on average) significantly lower by 53.7% than with
DM (Figure 2). A two-way ANOVA analysis of the results revealed an extremely significant
interaction between the extraction method and species of algae (p < 0.0001). The interaction
of these factors was also statistically significant (Figure 2).

Table 2. Structural units of fucoidans vs. method extraction.

Sample
Monosaccharide Composition, mol.% Uronic Acid,

%
Sulfate, %

Fucose Xylose Mannose Glucose Galactose

Fv1 71.9 ± 0.9 * 9.4 ± 0.4 6.0 ± 0.2 8.3 ± 0.3 4.4 ± 0.1 * 5.3 ± 0.4 * 25.4 ± 0.3 *
Fv2 75.7 ± 1.1 7.6 ± 0.5 4.3 ± 0.1 5.8 ± 0.4 6.6 ± 0.1 6.4 ± 0.3 23.8 ± 0.2

Fd1 63.6 ± 1.2 * 4.2 ± 0.3 4.8 ± 0.2 21.6 ± 0.7 5.8 ± 0.2 * 5.9 ± 0.5 * 26.6 ± 0.5 *
Fd2 68.2 ± 0.8 5.8 ± 0.3 4.7 ± 0.2 17.9 ± 0.9 3.4 ± 0.1 7.0 ± 0.5 25.4 ± 0.3

Fs1 69.7 ± 0.7 * 5.9 ± 0.5 8.1 ± 0.3 3.0 ± 0.2 13.3 ± 0.3 * 4.1 ± 0.4 * 22.4 ± 0.4 *
Fs2 72.8 ± 1.0 4.5 ± 0.4 7.5 ± 0.2 4.4 ± 0.3 10.8 ± 0.4 4.8 ± 0.2 20.9 ± 0.2

An1 47.8 ± 1.2 * 12.4 ± 0.3 14.3 ± 0.4 13.3 ± 0.4 12.2 ± 0.5 3.3 ± 0.6 * 17.6 ± 0.2 *
An2 49.3 ± 0.9 11.7 ± 0.5 14.0 ± 0.5 13.4 ± 0.3 11.6 ± 0.4 4.5 ± 0.5 16.4 ± 0.4

Data is shown as a mean ± sd (n = 3). * Multiple comparison analyses show statistically significant differences
(p < 0.05) between DM and UAE extraction methods.

It is known that fucoidan fractions with similar structural characteristics often exhibit
identical biological activity [45]. All fucoidans obtained by two technologies from the
studied algae contained fucose as the main monosaccharide, galactose, mannose, xylose,
glucose, uronic acid residues, and sulfate and were, thus, heteropolysaccharides [46]. The
changes in the monosaccharide composition of fucoidan were detected after the exposure
of algae material to low-frequency ultrasound. The fucose level for all algae significantly
increased (Table 2), while a tendency to decrease in other monosaccharides, such as xylose,
mannose, and glucose, was observed. The content of uronic acid residues and sulfates also
changed under the influence of ultrasound for each algae species (Table 2).
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The influence of the extraction procedure conditions on the molecular weight of
fucoidan is shown in Figure 4.

Figure 2. Effect of extraction method on fucoidan yield: 1—dynamic maceration and 2—ultrasound-
assisted extraction.

Figure 3. Impact of method extraction on biochemical composition of fucoidans. Data are shown as a
mean ± sd (n = 3) for four types of algae. Multiple comparison analyses show statistically significant
differences between DM and UAE extraction methods.
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Figure 4. Effect of extraction method on the mean molecular weight of fucoidan. 1—dynamic
maceration and 2—ultrasound-assisted extraction.

The molecular weight of all fucoidan samples after extraction in ultrasound was
statistically lower than after extraction by the dynamic maceration method. It has been pre-
viously reported that high-molecular-weight polymers with long chains are preferentially
destroyed under the action of shear forces arising from the rapid collapse of cavitation
bubbles [47,48].

2.2. The Antioxidant Activities of Fucoidans

The antioxidant potential of algae makes them interesting candidates for pharmacolog-
ical, food, and medicinal applications. The ferric reducing antioxidant power (FRAP) assay
was conducted on the fucoidans to study the effect of the method intensification strategy.
The antioxidant capacity of fucoidan fractions is presented in Table 1. The analysis of the
FRAP values shown in Figure 5 shows significant differences between the species and be-
tween the extraction methods used. The highest FRAP activity was noted for the fucoidan
An1 (193 ± 9 μMTE) and Fv1 (185 ± 4 μMTE) which can again be attributed to the presence
of high TPC in the same samples (6.7 ± 0.3 %dw and 5.4 ± 0.1 %dw). The FRAP value of
the fucoidan extracted with UAE was decreased by 31.1% (from 13.8% for Fv to 46.5% for
Fs) for fucoidan obtained by DM. These results are in line with recent findings [48–51] and
support the assumption that rather co-extracted phenolic compounds (e.g., phlorotannins)
and terpenoids (e.g., fucoxanthin) than the fucoidan itself exhibit antioxidant effects. In
the former studies, the radical scavenging potential of fucoidans correlated with their total
phenolic content and fell after purification by ion exchange chromatography. A similar
effect was achieved by simply incubating F. vesiculosus fucoidan with H2O2, which de-
stroyed most of the brown-colored co-extracted polyphenols and terpenoids and, thus, also
reduced its antioxidant activity [51]. It was noted that the fraction with the highest fucoidan
content (p < 0.05) had the least antioxidant activity [52]. The influence of different extraction
methods, including ultrasound, was discussed in [53]. The authors showed that the FRAP
activity for fucoidan samples of brown macroalgae (Padina tetrastromatica and Turbinaria
conoides) obtained using ultrasound was lower than the conventional approach. A strong
positive correlation was observed between FRAP and TPC (Pearson correlation coefficient
r = 0.95, p < 0.05). Our results are consistent with previous studies reporting a positive
correlation between FRAP and polyphenolic compounds for seaweed extracts [15,54]. We
observed a negative correlation between FRAP levels and sulfates (Pearson correlation
coefficient r = −0.26, p < 0.05) and uronic acid (Pearson correlation coefficient r = −0.47,
p < 0.05). It was suggested that this was associated with phlorotannins and sulfates.
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Figure 5. The antioxidant activity (FRAP) in Trolox equivalents and total phlorotannins content
(TPC) in (phloroglucinol equivalents/g DW) for fucoidans extracted from the tested brown seaweeds
extracted by DM and UAE: F. vesiculosus (Fv), F. distichus (Fd), F. serratus (Fs), and A. nodosum (An).
Values are expressed as the mean ± sd.

2.3. Anticancer Properties of Fucoidans

In the present study, the anticancer activities of fucoidans extracted from F. vesiculosus,
F. distichus, F. serratus, and A. nodosum via DM and UAE were tested at five concentrations
ranging from 150 to 750 μg/mL. According to the MTT test, treatment of HeLa G-63 cells
with all studied fucoidans for 48 h increased the number of dead cells depending on the
concentration of sulfated polysaccharides (Figure 6). It was found that the extraction
method significantly affected the anticancer activity. A decrease in activity was observed
under the action of ultrasound. UAE had a less pronounced effect on A. nodosum. No
difference in the anticancer activity was observed for the fucoidan from this alga.

Figure 6. Dose-response of HeLa G-63 cell line treated with four different fucoidans extracted via
DM and UAE in concentrations ranging from 150 μg/mL to 750 μg/mL: F. vesiculosus (Fv), F. distichus
(Fd), F. serratus (Fs), and A. nodosum (An). The relative cell viability was calculated in comparison
with the untreated negative control. * Multiple comparison analyses show statistically significant
differences (p < 0.05) between DM and UAE extraction methods.

The anticancer properties of fucoidan have been studied since the 1980s. Further
experiments have shown that these molecules can suppress cancer cell proliferation, induce
apoptosis, suppress angiogenesis, etc., in vitro and in vivo studies [55,56]. According
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to literature data, fucoidan molecular weight has been considered one of the important
factors that affect in vitro anticancer activities. Low molecular weight has been reported
to have higher cytotoxicity due to its ability to increase solubility and penetration into
the cell with a reduced toxic effect on normal cells [29,30]. An anticancer study using
fucoidan fractions against the growth of U-251MG glioblastoma multiforme cancer cells
demonstrated previously that the >300 kDa fraction had the lowest IC50 value against
tumor cells compared to the other four fractions with a molecular weight of <300 kDa [57].

In the current study (Table 1, Figure 7), the most promising were fucoidans (<300 kDa)
extracted via DM from F. vesiculosus and F. serratus. These two fucoidans presented the
lowest IC50 value when compared with the other samples, especially those obtained using
the UAE method.

The relationship between antioxidant activity and the anticancer efficacy of natural
compounds has been the focus of numerous studies. In this work, we assessed the total
antioxidant activity of fucoidan obtained from four various brown algae via two methods
of extraction using the FRAP assay (Figure 7). Fucoidan from F. vesiculosus and F. serratus,
obtained via DM showed the most prominent anticancer activity with an IC50 of 368 and
301 μg/mL, probably due to its high total phlorotannins content of about 5.4 and 5.1 %dw.
The use of ultrasound resulted not only in a decrease in the level of TPC but also in a
decrease in activity. Moreover, for the algae F. vesiculosus, F. distichus, and A. nodosum,
the decrease in activity was 1.6–1.9 times, while for F. serratus, a decrease in activity by
five times was observed. A significant reduction in TPC (by 73%) was also registered for F.
serratus when DM was compared with UAE.

Figure 7. The antioxidant activity (FRAP) and anticancer activity (IC50) for fucoidans from the tested
brown algae extracted via DM and UAE: F. vesiculosus (Fv), F. distichus (Fd), F. serratus (Fs), and A.
nodosum (An). Values are expressed as the mean ± sd.

The results showed that fucoidan containing higher amounts of phlorotannins and
lower levels of sulfates and uronic acid obtained via DM exhibited the highest total an-
tioxidant activity. The same samples Fv1 and Fs1 demonstrated higher cytotoxic activity
against HeLa G-63 cells than the other samples. This finding is especially noteworthy as
it indicates that both the algae species and the extraction method considerably influence
the activity of fucoidan. A strong positive correlation was observed between IC50 and Mw
(Pearson correlation coefficient r = 0.95, p < 0.05). The interaction between method and
species continued to be extremely significant (p < 0.0001), also when the two-way ANOVA
analysis was applied to the data of the antioxidant and anticancer activities.

89



Mar. Drugs 2025, 23, 230

2.4. Study of Synergism

Side effects restrain the application of chemotherapies in the clinic. Therefore, to
improve drug efficacy, as well as reduce adverse effects, we tested whether fucoidan
synergizes with Ptx in the treatment of cervical cancer. Based on the previously obtained
IC50 values of fucoidan and Ptx, a dose-ranging experiment was designed and cell viability
was determined in which fucoidan (25–750 μg/mL) and Ptx (0.001 and 0.05 μM) were
added to HeLa G-63 cells at increasing doses either alone or in combination. The data are
shown in Figure 8.

The exposition of HeLa G-63 cells to 0.001 μM Ptx together with fucoidan at
50–600 μg/mL for 24 h led to a significant (p < 0.05) increase in cell death (Figure 8A).
When incubated for 48 h, significant increase in the anticancer effect was observed in the
fucoidan concentrations from 50 to 150 μg/mL (Figure 8B).

Simultaneous application of Ptx at a concentration of 0.05 μM and fucoidan for 24 h
on HeLa G-63 cells resulted in significant increase (p < 0.05) in dead cells at fucoidan
concentrations of 50 and 150 μg/mL. Whereas, when incubated for 48 h, a statistically
significant increase in the anticancer effect was observed in the fucoidan concentration
range from 50 to 750 μg/mL (Figures 8C and 8D, respectively).

  
(A) 24 h (B) 48 h 

  
(C) 24 h (D) 48 h 

Figure 8. Inhibition of the viability of HeLa G-63 cells upon incubation with paclitaxel and different
concentrations of fucoidan Fv alone or in combination for 24 and 48 h (n = 5). (A)—incubation with
0.001 μM Ptx and Fv for 24 h; (B)—incubation with 0.001 μM Ptx and Fv for 48 h; (C)—incubation
with 0.05 μM Ptx and Fv for 24 h; (D)—incubation with 0.05 μM Ptx and Fv for 48 h. Results represent
the mean ± sd from three independent experiments. * A significant difference from single treatments
is indicated by p < 0.05.

To investigate the mechanisms of the synergistic effect of fucoidan in combination with
Ptx on HeLa G-63 cells, a propidium iodide (PI) staining assay using flow cytometry was
used to analyze the cell cycle distribution (Figure 9). Cell cycle assays were performed after
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48 h exposure of HeLa G-63 cells to different concentrations of Ptx (0.001 and 0.05 μM) and
Fv (25–750 μg/mL) both separately and combined to test the hypothesis that the growth
suppression has stemmed from the disruption in the cell (Figure 9).

Ptx affects the cell cycle, causing a delay in the G2/M phase. It has a cytotoxic antim-
itotic effect. When HeLa G63 cells were incubated with 0.001 μM Ptx as well as with its
combined action with various concentrations of fucoidan, no changes in the distribution
of cells throughout the cycle were observed (Figure 9A). Whereas when cells were incu-
bated with 0.05 μM Ptx as well as with its combined action with various concentrations
of 25–100 μg/mL fucoidan, an accumulation of cells in the G2/M phase was observed
(Figure 9B). The percentage of cells in the G1 and G2/M phases changed significantly as
a result of the combination treatment, suggesting that the combination of the two drugs
caused cell death more effectively than either of them alone. This experiment showed that
co-administration of Ptx (0.05 μM) and fucoidan from F. vesiculosus at low concentrations
(25–100 μg/mL) caused cell cycle arrest in the G2/M phase.

 
(A) (B) 

Figure 9. Distribution of HeLa G-63 cells by cell cycle phases under the combined action of paclitaxel
(Ptx) (0.001 μM (A), 0.05 μM (B)) and different concentrations of fucoidan Fv after 48 h. The results
are presented as mean ± sd from three separate experiments.

Mathew et al. (2017) performed combination growth inhibition assays using the IC50

concentration of the chemotherapeutic agents, which included paclitaxel and tamoxifen, as
well as 0.3 mg/mL fucoidan UPF and 1.3 mg/mL fucoidan FVF [58]. It was demonstrated
that both compounds appeared to have overall synergistic activity in inhibiting cancer
cell growth when used in combination with paclitaxel or tamoxifen. Our results are
consistent with the work [59], which showed that the semisynthetic alginate derivative
polymannuroguluronate sulfate (2 mg/mL) in combination with Ptx (50 nM) blocked the
cell cycle at the G2/M phase in HeLa G-63 cells, similar to Ptx treatment alone. Moreover,
the sulfated polysaccharide itself did not show activity.

The calculation of the combinatory effect (CE) showed that the simultaneous use
of Ptx at a concentration of 0.05 μM and fucoidan at a concentration of 25–600 μg/mL
after 48 h exposure leads to a synergistic interaction (Figure 10). At the same time, the
combined action of the same mixtures after 24 h exposure does not give a synergistic effect.
A decrease in the concentration of Ptx at the same concentrations of fucoidan also does not
form synergistic combinations. Thus, synergism depends not only on the concentrations of
the components but also on the time of exposure. However, our fucoidan from F. vesiculosus
led to increased activity Ptx at a much lower concentration (25–100 μg/mL), and the
additivity effect was observed even when using a Ptx concentration lower than 50 times
the IC50 (0.001 μM) (Figure 10).
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The anticancer activity of the fucoidan (100–400 μg/mL) extracted from Nizamud-
dinia zanardinii by UAE was lower than that extracted via enzyme and enzyme-UAE [60].
A previous report [61] showed that the anticancer activity of bioactive polysaccharides
is attributable to various factors such as sulfate content, monosaccharide composition,
molecular weight and amount of impurity of protein, and total phenol. Yang et al. (2008)
proposed that the anticancer activities of brown algae fucoidans depend on species and
growing conditions of algae, extraction and purification methods, and the cancer cell lines
used in the tests [37]. The effects of different extraction technologies on the extraction
of phytochemicals (fucoidan, sulfates, uronic acid, and TPC) from the tested samples of
brown algae are presented in Table 1. There was a significant variation in the extraction of
each phytochemical depending on the macroalgal species and technological treatments. In
general, extracts from F. vesiculosus contained the highest levels of fucoidan and TPC com-
pared to others. The differences in the recovery of phytochemicals between species could
be attributed to inter-species differences, while the effect of technological treatments on
all species was similar (Figure 2). Harnedy & FitzGerald (2013) mentioned that strong cell
walls containing variable types and amounts of polysaccharides, depending on the macroal-
gal species, were one of the main obstacles hindering an efficient extraction of compounds
from macroalgae [62]. Thus, the type of polysaccharides and ionic interactions with other
cell wall constituents will be strongly influenced by the macroalgal species studied [63],
affecting the yields of compounds extracted depending on the macroalgal species.

Figure 10. The combinatory effect (q) of paclitaxel (Ptx) and various concentrations of fucoidan (Fv)
on HeLa G-63 cells.

The cell cycle is a sequence of synchronized activities that leads to cell division. When
cellular control over this normal proliferation is compromised, a normal cell becomes
cancerous. Consequently, chemotherapeutic drugs may aim to induce cell cycle arrest.
The DNA synthesis (S phase), mitotic (M phase), and two gap phases (G1, G2) are among
the phases of the cell cycle. The G0 segment is the resting length inside the molecular
cycle, wherein the cells stay inactive. The sub-G1 segment represents the proportion of
apoptotic cells, so the molecular cycle evaluation can offer apoptotic data. The G1 segment
is, as a substitute, vital, considering the fact that arrest at this level affords a possibility
for cells to both go through restore mechanisms or comply with the apoptotic pathway.
Therefore, most of the anticancer drugs target this stage of the cell cycle [64]. Ptx + Fv
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showed a prominent cell cycle arrest at the G1 phase and accumulation of the cells in the
S phase. The data indicate that the anticancer potential of ESPs-CP is mainly attributed
to the induction of apoptosis and cell cycle arrest at the G1 phase. The anticancer activity
of sulfated polysaccharides from brown alga Ecklonia cava [64], Sargassum horneri [65] and
Padina tetrastromatica [66] also claimed the same pattern of cell cycle arrest.

The lack of selective targeting of chemotherapeutic agents such as Ptx leads to the
high toxicity of therapy and the incidence of serious side effects, which not only reduces
the quality of life but can also cause serious complications [67]. Consequently, there is an
interest in agents that could either enhance the beneficial effects of conventional therapy
or reduce the incidence of side effects. To date, several agents effective in enhancing the
response to Ptx have emerged and include various flavonoids [68], green tea extract [69],
etc. In the current study, we observed that co-administration of fucoidan to Ptx-treated
cells enhanced the therapeutic effect in the tested cell line. In addition, subsequent analysis
of the combined effect of the drug revealed synergy between fucoidan and Ptx. Similar
results were obtained by Zhang et al. (2013), who investigated the effects of a common
cytostatic combination with fucoidans [70]. The authors reported that the combined use
of cytostatics and fucoidan provided a greater therapeutic effect compared to treatment
with a single agent. They also showed that the combination of fucoidan and cisplatin was
the most effective. Abudabbus et al. (2017) have suggested that co-incubation of cisplatin,
doxorubicin, or Ptx with fucoidan enhanced the therapeutic effects compared to individual
agents [71]; however, synergy was not calculated. The synergy between fucoidan and
lapatinib [72] and fucoidan and cisplatin on HNSCC cell lines (H103, FaDu, and KB) was
also reported [73].

This result may be explained by the multifactorial nature of the anticancer mechanisms
of natural compounds. Although antioxidants can neutralize reactive oxygen species and
decrease oxidative damage, which might also additionally save you from most cancers, the
induction of apoptosis in most cancer cells regularly entails extra mechanisms inclusive of
the modulation of molecular signaling pathways and induction of endoplasmic reticulum
stress [74]. In this scenario, fucoidan derived from F. vesiculosus, exhibiting the most
significant antioxidant properties and the highest level of cytotoxicity, could operate via
several mechanisms to trigger cell death in HeLa G-63 cells. Studies of the synergistic
effects of antioxidants with anticancer drugs may provide a promising basis for designing
new agents for cancer therapy.

3. Materials and Methods

3.1. Sample Collection and Preparation of Alga

The brown alga, bladder wrack (Fucus vesiculosus L.) (Fv), toothed wrack (Fucus serratus
L.) (Fs), rockweed (Fucus distichus L.) (Fd), and Icelandic kelp (Ascophyllum nodosum L.) Le
Jolis) (An) were collected in August–September 2023 from the littoral of the Barents Sea
(Zelentskaya Bay, Murmansk region, Russia) at low tide. Dr. E. Obluchinskaya identified
the algae, and the voucher specimen (No. 9.2023) was deposited in the Collection of
the Zoobentos Laboratory, Murmansk Marine Biological Institute. Collected algae were
thoroughly washed in running tap water, followed by distilled water, to remove the
adhering sand, epiphytes, extraneous matter, and necrotic parts, frozen within two hours
of collection and subsequently freeze-dried for one week to ensure full lyophilization, and
ground to a fine powder. Dried samples were stored in sealed containers at 4 ◦C until use.

3.2. Materials

Folin–Ciocalteu reagent, Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid), TTTZ (2,4,6-tripyridyl-s-triazine), ascorbic acid, phloroglucinol, L-cysteine, ammo-
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nium molybdate, analytical grade monosaccharides (fucose (Fuc), xylose (Xyl), mannose
(Man), galactose (Gal), arabinose (Ara) and glucose (Glc), all purities > 99%), Shodex
pullulan P-82 standard kit (Showa-Denko Co., Tokyo, Japan) and blue dextran-2000 (GE
Healthcare, Chicago, IL, USA) were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Versene solution, phosphate-buffered saline (PBS), and Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 100 IU/mL
penicillin and streptomycin were from BioloT Ltd., St. Petersburg, Russia. Propidium
iodide (PI) and 3-(4,5-dimethylthiazole-2yl)-2,5-diphenyl tetrazolium bromide (MTT) were
purchased from LLC Company Pushchino Laboratories, Pushchino, Russia. An aqueous
solution of paclitaxel (Sandoz Pharmaceuticals d.d., Ljubljana, Slovenia) at a concentration
of 6 mg/mL was stored at room temperature in the dark for future analysis. Ultrapure
water was purified using a Milli-Q system (Millipore, Bedford, MA, USA). Other analytical
grade chemicals and solvents for extraction and analysis were of analytical grade and
purchased from local chemical suppliers.

3.3. Fucoidan Extraction

Fucoidans were prepared using a method modified from [49]. Briefly, samples of
dried algae were pretreated sequentially with an azeotrope (methylene chloride/EtOH)
and 80% EtOH in a Soxhlet apparatus to remove lipids, pigments, and mannitol. The
defatted algae were extracted with 5% (v/v) EtOH at pH 4, and dry algae: liquid ratio
of 1:10 (w/v). Fucoidan was isolated using UAE and DM. Residual supernatant and
algae were separated. Alginate was removed by precipitation with 2% NaHCO3 and
centrifugation. The supernatant was concentrated using AR-3–100PS cassettes (NTP Biotest,
Kirishi, Russia). After purification, the solution was lyophilized for 24 h on an Inei-4 freeze
dryer (IBF RAS, Pushchino, Russia). The yield of fucoidan (g/100 g dw) was calculated
using the following Equation (1):

Yield Fucoidan = [dry wt. of fucoidan/dry wt. of algae] × 100 (1)

3.3.1. Dynamic Maceration (DM)

Samples of defatted algae were twice macerated on a magnetic stirring apparatus
equipped with a temperature-controlling system at 200 rpm with heating at 60 ◦C with the
same solvent. All the other steps were equally performed in both UAE and DM (Fv1, Fd1,
Fs1, and An1).

3.3.2. Ultrasonic-Assisted Extraction (UAE)

An ultrasonic processor (UZTA-0.4/22-OM, Biysk, Russia) with a 15 mm probe was
used. Samples of defatted algae with a solvent were twice sonicated (22 kHz) at room
temperature for 20 min (Fv2, Fd2, Fs2, and An2).

3.4. Analysis of Fucoidan Composition

The fucoidan content was determined using the method [75]. Fucoidan content was
measured via the cysteine–sulfuric acid method using L-fucose as a reference [76]. All mea-
surements were done in duplicate, and results were expressed as the percentage of fucose
in dry fucoidan. The sulfate residues were determined using the BaCl2-gelatin method [77].
Uronic acid was determined following the Scott method (1979) with 3,5-dimethylphenol
as the reagent [78] and alginic acid as a standard [79]. Impurities of polyphenols, as the
total phlorotannin content (TPC), were quantified using Folin–Ciocalteau reagent with
phloroglucinol as the standard [80], and the results were expressed as g of phloroglucinol
equivalent per 100 g (%) of fucoidan DW.
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The molecular weight (Mw) of fucoidan was analyzed using high-performance size-
exclusion chromatography (HPSEC) [81], equipped with two TSKGel columns (Tosoh
Bioscience, Stuttgart, Germany) and a PWX guard column. Water was used as the mobile
phase at a rate of 0.4 mL/min at 70 ◦C. The monosaccharide compositions of fucoidans were
analyzed using a high-performance liquid chromatography system (HPLC Model LC 20 AT
Prominence, Shimadzu, Kyoto, Japan) with a refractive index detector (RID-10A, Shimadzu,
Japan) after hydrolysis [82]. The samples were injected into a Shodex Asahipak NH2P-
50 4E (4.6 × mm, 5 μm) column (Kanagawa, Japan) at 50 ◦C under isocratic conditions
with a mobile phase consisting of 0.25 M H3PO4-acetonitrile (20:80, v/v) at a flow rate of
1.0 mL/min. Data are presented as relative mole percentages.

3.5. In Vitro Antioxidant Assays

Ferric reducing antioxidant power (FRAP) assay was performed following the
method [83]. FRAP results were expressed as μM of Trolox equivalents (μMTE).

3.6. Cell Culture

Human carcinoma HeLa G-63 cells were obtained from the shared research facility of
Vertebrate Cell Culture Collection (Institute of Cytology RAS, St. Petersburg, Russia) and
have been cultivated in the laboratory of PNPI since 1963.

After cryopreservation at −80 ◦C, thawed HeLa G-63 cells (1.5 × 106 cells/mL) were
seeded in 60 mm culture dishes in 4 mL of culture medium. Cells were incubated at 37 ◦C
in a humidified atmosphere with 5% CO2, and the culture medium was changed every 24 h.
For cell culture, cells were detached from the 60 mm culture dish using 0.25% trypsin: 0.02%
Versene solution (1:3 v/v) and replated on a new culture dish. After 3–4 days, cells attached
and spread on the 60 mm culture dishes and were subcultured to 80–90% confluence.
Passages were repeated three to five times, the optimal density was 1.0–5.0 × 104 cells/cm2.
The HeLa G-63 was cultivated in monolayer culture in DMEM with L-glutamine and
with 4.5 g/L glucose, and supplemented with 10% heat-inactivated FBS and 100 IU/mL
penicillin and 100 μg/mL streptomycin in an incubator with 5% CO2 at 37 ◦C.

3.6.1. Proliferation Assay and Cell Cycle Analysis

Cells were seeded at a density of 2 × 105 cells/well in 12-well plates and incubated
for 24 h at 37 ◦C in a CO2 incubator to form a monolayer. Then, the cells were treated with
different concentrations of fucoidans and a reference drug for 24 h. After treatment, the
cells were separated using Versene solution, washed with PBS, centrifuged (1000 rpm for
5 min), and the resulting suspension was stained with PI solution containing Rnase [84].
The antiproliferation activity and cell cycle analysis were carried out using a CytoFLEX B3-
R2-V2 flow cytometer (Beckman Coulter, Brea, CA, USA; 20,000 cells per experiment) [85].

3.6.2. Cytotoxicity Assay

The cytotoxicity of the samples was determined via MTT assay [86]. In brief, HeLa
G-63 cells were plated at 2 × 105 cells per well in 96-well microtiter plates (Cell+, Sarstedt,
Germany) with 100 mL RPMI-1640 growth medium and incubated for 24 h at 37 ◦C,
with 5% CO2 in a humidified atmosphere. Thereafter, the medium was removed and
fresh serum-free medium containing different concentrations (25, 50, 100, 150, 300, 450,
600 and 750 μg/mL) of the tested fucoidans and chemotherapeutic agents at a log range of
concentrations (Ptx, 1 nM–800 μM) was added. After 44 h of incubation, the 10 μL MTT
reagent (5 mg/mL) was added. After incubating at 37 ◦C for 2 h, the MTT reagent was
removed, dimethyl sulphoxide (DMSO; 100 μL) was added to each well and thoroughly
mixed by pipetting.
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The absorbance was measured using a plate reader Multiskan FC (Thermo Scientific,
Waltham, MA, USA) at 570 nm, and the percent cell death was calculated. Negative control
cells were incubated without compounds. The percentage inhibition of proliferation was
calculated using the formula below, and the half maximal inhibitory concentration of tested
samples (IC50) was calculated from the dose-response [87].

Cell Viability (%) = 100% (Test Concentration Reading − Blank Reading)/(Control Reading − Blank Reading) (2)

3.6.3. Analysis of Drug Combinatory Effect

The cytotoxicity of the combined use of fucoidan Fv and Ptx was assessed using flow
cytometry in combinations of a constant concentration of Ptx with increasing concentrations
of fucoidan. In the combined experiments, cells were incubated in 12-well plates and treated
with Fv (500 μL) and Ptx (500 μL). After the incubation, the cells were removed with Versene
solution, spun down, and the resulting suspension was stained with PI solution (50 μL/mL)
for 20 min at 37 ◦C. The modified probability sum test [88] was applied to assess the mode
of combinatory effect, according to the equation:

q = P[A + B]/(P[A] + P[B] − P[A] × P[B]) (3)

where P[A] represents the efficacy of drug A and P[B] the efficacy of drug B, while
P[A + B] depicts the efficacy of a combination of both drugs at the same doses. Assessed
value/expected value (sum of probability of independent events) ratios were defined:
q < 0.85 as antagonism, while q = 1.00 ± 0.15 indicates additivity, and q > 1.15 synergism.

3.7. Statistical Analysis

Each experiment was repeated three times. Data are represented by mean ± standard
deviation (±sd). Statistical analysis was performed with STATGRAPHICS Centurion XV
(StatPoint Technologies Inc., Warrenton, VA, USA).

4. Conclusions

The effect of the extraction method (dynamic maceration and ultrasound-assisted
extraction) on the composition and properties of fucoidans from Arctic brown algae F.
vesiculosus, F. serratus, F. distichus, and A. nodosum was explored. It was found that fu-
coidans containing higher TPC and lower levels of sulfates and uronic acid obtained via
dynamic maceration exhibited the highest antioxidant and anticancer activity compared
with fucoidans obtained via the UAE. For the first time, the synergy for a binary combina-
tion of 0.05 μM Ptx with 50–750 μg/mL Fv against HeLa G-63 cell growth was calculated.
Thus, our results support the rationality of fucoidan use as a powerful antioxidant and in
complex chemotherapy.

Our results open new perspectives and challenges. Future kinetic modeling of fu-
coidan degradation and more advanced characterization techniques could offer a deeper
understanding of structural–function relationships. Our new data provide a reliable basis
for the future validation of established synergy through additional mechanistic studies,
such as apoptosis pathway analysis and gene expression profiling.
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Abstract: Marine macroalgae are excellent sources of bioactive compounds recognized by
their pharmaceutical and biomedical potential. A subcritical water extraction (SWE) was ap-
plied to the macroalga Codium tomentosum, and the extract was used to prepare phytosomes.
A Box–Behnken design was applied to optimize the entrapment efficiency. These phyto-
somes were further modified with DSPE-PEG (2000)-maleimide and apolipoprotein E and
characterized by dynamic light scattering, UV spectrophotometry, octanol/water partition
coefficient, differential scanning calorimetry, and Fourier transform infrared spectroscopy.
As proof of concept, prototypes of functional food tailored to the elderly were produced.
Yogurts were fortified with seaweed extract or phytosomes, and physicochemical proper-
ties and proximal composition (pH, acidity, syneresis, moisture, peroxides, proteins, total
lipids, sugar content, ash, and mineral composition) were analyzed. The antioxidant and
the inhibition capacity of two brain enzymes, cholinesterases (AChE and BuChE), involved
in the pathogenesis of Alzheimer’s disease, were also evaluated in the final prototypes.
Despite their unappealing sensory characteristics, the results are promising for integrating
marine extracts with potential neuroprotective effects into functional foods.

Keywords: Box–Behnken design; subcritical water extraction; phytosomes; seaweeds;
food fortification

1. Introduction

Due to the increase in life expectancy, promoting active aging is crucial in the 21st
century [1]. Therefore, searching for new neuroprotective drugs is urgent. Alzheimer’s
disease (AD) is the most prevalent neurodegenerative disorder, followed by Parkinson’s
disease (PD) [2]. Most people diagnosed are 60 years old or older. For people aged between
65 and 69, around 2 in every 100 people have dementia, with AD being the most common
form. A person’s risk then increases as they age, roughly doubling every five years [3].
Regarding PD, only 5 to 10 percent of people with this disease are diagnosed before the age
of 50 [4].

Biris-Dorhoi [5] has reported a considerable variety of bioactive compounds identified
in seaweed that may help prevent and treat many diseases. Seaweed consumption has been
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associated with a lower incidence of different chronic diseases, such as cancer, diabetes,
neurodegenerative diseases, obesity-related disorders, and metabolic syndrome. Regarding
specifically the neuroprotective activity of seaweeds, a broad class of compounds, such as
polysaccharides, proteins, lipids, pigments, and polyphenols, isolated from macroalgae,
have shown neuroprotective effects through mechanisms such as enzyme modulation or
protection against amyloid-β (Aβ) or Tau-induced toxicity [6,7]. In AD patients, the de-
generation of central cholinergic neurons reduces choline acetyltransferase (ChAT) activity,
decreasing acetylcholine (Ach) synthesis. At the same time, increased cholinesterase activ-
ity accelerates Ach breakdown, worsening this neurotransmitter deficiency. In AD, AChE
activity drops by up to 45%, but BuChE activity can double, making this cholinesterase a
more significant target in the later stages of the disease. Thus, enhancing ChAT activity
and reducing AChE and BuChE functions has become a critical strategy in AD treatment.
Likewise, disrupting the balance between α-secretase and non-α-secretase pathways leads
to increased BACE1 activity, resulting in Aβ oligomers and plaque accumulation, making
BACE1 activity a critical therapeutic target in the AD treatment. Although tau protein
hyperphosphorylation is an important therapeutic target for AD, only a few compounds
have been identified that can effectively target tau protein [8].

The most promising result from seaweeds to date was achieved with sodium oligoman-
nate, a mixture of oligosaccharides isolated from the marine algae Ecklonia kurome Okamura.
Clinical trials have shown that it is safe and effective in treating mild-to-moderate AD,
leading to its approval by the National Medical Products Administration (NMPA) of China
in 2019 [9,10]. Recent studies suggest its neuroprotective effects are mediated through the
microbiota–microglia–amyloid axis. It modulates gut microbiota while directly inhibiting
Aβ fibril formation and neuroinflammation. Despite its therapeutic potential, the absorp-
tion, distribution, metabolism, and excretion (ADME) profile of sodium oligomannate
remains poorly understood due to its complex high-molecular-weight and highly polar car-
bohydrate structure. Further research is necessary to elucidate its systemic bioavailability,
brain penetration, and precise mechanisms of action in neurodegenerative diseases [9,11].

In addition, Peñalver et al. [12] described several studies reporting that incorporating
seaweed and/or seaweed extracts into food products improves properties such as the shelf
life, nutritional content, and textural and sensory aspects of the final products. However,
some of these effects differ according to the seaweed species and the amount used in
the formulation.

Codium tomentosum is a green macroalga with neuroprotective potential, as reported
by Silva et al. [13], who have shown that several fractions obtained from the methano-
lic and dichloromethane extracts of C. tomentosum displayed neuroprotective activity
in thrice-subcloned SH-SY5Y cells line exposed to the neurotoxin 6-hydroxydopamine
(6-OHDA). The authors also investigated which mechanisms were triggered by these
fractions, concluding that they mitigated reactive oxygen species (ROS) generation, coun-
teracted mitochondrial dysfunctions and DNA damage, and reduced caspase-3 activ-
ity. Recently, a fraction obtained by subcritical water extraction (SWE) in the range of
190–250 ◦C was tested against several brain enzymes involved in the etiology of neurode-
generative and neuropsychiatric disorders, namely, cholinesterases, monoamine oxidase
A and B and tyrosinase, revealing moderate inhibition (IC50 [AChE] = 239.8 μg/mL, IC50

[BuChE] = 430.1 μg/mL, IC50 [MAO-A] = 181.2 μg/mL, IC50 [MAO-B] = 422.5 μg/mL, and
IC50 [tyrosinase] = 15.3 μg/mL). The same fraction was also demonstrated to be a strong su-
peroxide radical anion (O2

•−) and nitric oxide radical (•NO) scavenger (IC50 = 85.7 μg/mL
and 254.2 μg/mL, respectively) [14].

To counteract the low absorption of bioactive phytocompounds, nanosized drug
delivery systems like phytosomes can enhance their penetration across biological barriers,
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such as the blood–brain barrier (BBB), thereby promoting their delivery to the desired
target [15]. Phytosomes are innovative lipid-based nanocarriers with liposome-related
structures but with some additional advantages. While hydrophilic biomolecules are just
entrapped in the aqueous core of liposomes without chemical bonds being formed, in
phytosomes, H-bonds are established between the extracts and the phosphate group of
phospholipids, increasing their stability [15]. This approach has been successfully applied
to encapsulate several plant-derived bioactive compounds [16].

While using natural extracts in functional food development is growing, incorporating
seaweed or seaweed extracts remains problematic—mainly due to their strong sensory
characteristics and limited consumer knowledge of their potential health benefits. Further-
more, regulatory requirements for substantiating health claims often necessitate preclinical
or clinical evidence, adding complexity to commercialization efforts [17]. Luckily, new
milk products have been produced by adding seaweed extracts and the impact on the
product’s final appearance has been evaluated. Roohinejad et al. [18] reported that the
greenness and yellowing of fortified milk samples increased by adding ethanolic extracts
prepared from seaweed also provided antioxidant functionality. Moreover, the type or
concentration of seaweed extract did not influence quality parameters, e.g., microbiology.
The sensory evaluation showed that the extract was accepted as a functional ingredient in
milk. Seaweed extracts were found to be stable in milk, showing that their addition can
improve certain milk qualities and shelf life characteristics.

This work aimed to extend the study developed by Soares et al. on the assessment
of the bioactivities displayed by different subcritical water extraction (SWE) fractions of
C. tomentosum [14], by designing and characterizing phytosomes containing the most active
fraction, herein called C. tomentosum extract (CtE), to incorporate it into a neuroprotective
functional food product—yogurt—targeted at senior citizens, who are at increased risk for
neurodegenerative and neuropsychiatric disorders. The CtE (obtained through SWE at
190–250 ◦C, 100 bar) is abundant in phenolic compounds and Maillard reaction products
(MRPs) [14]. Both classes of compounds are known for their antioxidant and neuropro-
tective properties [19–21], However, due to the high diversity of MRPs, some MRPs, such
as acrylamide, toxic advanced glycation end products (TAGEs), and heterocyclic amines,
have been implicated in the development of several diseases [22–24].

The phytosomes that were generated underwent characterization to identify key
characteristics like size and composition. Furthermore, the nutritional profile of the food
prototype, along with its antioxidant (DPPH• and ABTS•+ scavenging activities and oxy-
gen radical absorbance capacity (ORAC) assay) and neuroprotective (AChE and BuChE
inhibition) properties, was assessed as well.

2. Results and Discussion

2.1. Box–Behnken Design

The entrapment efficiency of CtE varied according to the set of conditions tested,
ranging from 25.19% (A—1 h, B—42.5 ◦C and C—1:4) and 45.70% (A—2.5 h, B—25 ◦C and
C—1:4; and A—1 h, B—60 ◦C and C—1:2.5) (Table S1).

A reduced cubic model was fitted to the experimental results, and the most significant
parameters (p < 0.05) were A, C, AB, AC, BC, B2, A2B, and A2C (Table S2, Figure 1). The
resulting model equation (Equation (1)) was:

Entrapment efficiency(%)

= 29.12782 + 4.76425A + 0.428789B − 9.71050C − 0.873397AB + 13.17704AC − 0.167143BC
−0.406866A2 + 0.014842B2 + 0.148889A2B − 2.31630A2C

(1)
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Figure 1. Three-dimensional surface graphics. (A)—Temperature vs. Time; (B)—Ratio vs. Time;
(C)—Ratio vs. Temperature.

With the reduced cubic model, the calculated coefficients of determination (R2), ad-
justed R2, predicted R2, and adeq precision were, respectively, 0.9666, 0.8832, 0.4041, and
12.1256. The model was significant (p = 0.0153), and the lack of fit was not significant
(p = 0.4916) (Table S1). The diagnostic graphics (Figure S1) show a good fit of the model to
the experimental results.

Two optimal conditions (Derringer’s desirability function = 1.000) were retrieved from
the model to obtain the highest % of complexation: condition 1 (A—1 h, B—59 ◦C, and
C—1:1) and condition 2 (A—4 h, B—25 ◦C, and C—1:4), achieving a predicted value of
58.92% and 54.65%, respectively. At these optimal conditions, experimental values obtained
were 61.76 ± 10.11% (n = 7) and 57.63 ± 10.65% (n = 7), respectively, showing that the
model predictions were quite close to the actual values.

The optimal conditions for preparing phytosomes, as determined from the model,
were consistent with those reported in previous studies [25–27]. Telange et al. [25] tested
different conditions to prepare phytossomal complexes with apigenin, namely, different
molar ratios of apigenin and phospholipid (1:1, 1:2, and 1:3) and temperatures (40, 50, and
60 ◦C). The reaction occurred during 2 h in a mixture of 1, 4–dioxane:methanol (14:6). A
full-factorial design (32) was applied, revealing that a ratio = 1:2, and T = 60 ◦C were the
optimal conditions to achieve the highest complex formation (93.7%). In another study,
ginger or ginger plus rosehip and phosphatidylcholine (PC) were weighed in different
ratios, dissolved in ethanol, and refluxed at 60 ◦C for 2 h. To determine the encapsulation
efficiency of the phytosomal formulation, the non-entrapped free 6-gingerol and β-carotene
were separated from the phytosomal complex by ultracentrifugation. The encapsulation
efficiency of 6-gingerol and β-carotene in all preparations was between 83.3% and 94.3%.
Although phytosomes containing 0.9 of ginger extract:0.1 of rosehip extract: 1 of PC
displayed lower particle sizes (193.72 nm), phytosomes prepared with a ratio of 0.5:0.5:1
were chosen for further assays due to their strongest anti-inflammatory and antioxidant
effects [26]. On the other hand, using room temperature was favorable for producing
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phytosomes with Diospyros kaki L. acetonic extract (acetone:water (80:20, v/v)) [27]. The
authors mixed the extract with PC in a molar ratio of 1:1 or 1:2, in ethanol, for 2 h at 25 ◦C,
obtaining entrapment efficiencies above 90%.

2.2. Characterization of Phytosomes

The phytosomes were functionalized before characterization. The DSPE-PEG (2000)
peptide was employed to enhance the targeting specificity of the formulated nanoparticles,
helping them evade digestive processes and immune responses [28], while ApoE was used
to guide the nanoparticles to the BBB [15].

Concerning their size and polydispersity index (PDI), phytosomes produced through
condition 1 (A—1 h, B—59 ◦C, and C—1:1) showed to be lower and less dispersed than
those produced through condition 2 (A—4 h, B—25 ◦C, and C—1:4)—245.76 ± 49.00 nm
and PDI = 0.26 ± 0.06 vs. 261.02 ± 70.46 nm and PDI = 0.32 ± 0.02, respectively. Therefore,
condition 1 was selected for further characterization. This behavior is in line with the
results reported by Direito et al. [27] who observed that phytosomes prepared with a ratio
of 1:2 (extract:PC) tended to agglomerate more than those prepared using a ratio of 1:1
(193.3 nm and PDI = 0.347 vs. 177.1 nm and PDI = 0.184, respectively).

The study of the solubility in water and in n-octanol of the CtE and of the phytosomes
produced showed that the isolated extract had high aqueous solubility (95%) and low
solubility in n-octanol (5%), which would be expected due to the highly aqueous character
of the extract. On the other hand, the complexation of the extract with PC conferred an
amorphous character to the system and moderated its lipophilic character. This resulted
in improved solubility in n-octanol and dissolution profile. This way, an increase in
lipophilicity to 28% was observed for the phytosomes, resulting in a Kow = 0.382. These
results align with previous studies reporting that phyto-phospholipid complexes have
better lipophilicity and hydrophilicity than their active constituents [29,30]. Typically, these
complexes demonstrate enhanced lipophilicity, which offers a significant advantage for the
food and pharmaceutical industries in delivering polar compounds [29,30].

The UV spectra of the CtE and phytosomes were analyzed in the 200–700 nm range.
As shown in Figure 2, the characteristic absorption peak of the CtE (280 nm) remained
present in the phytosome, suggesting that weak physical interactions between the extract
and PC occurred during the formation of the complex.

Figure 2. Spectra of samples in the UV and the visible spectrum [Blue] CtE; [Green] PC; [Red]
Phytosomes containing CtE.

The thermograms of CtE, PC, and phytosome are represented in Figure 3. The extract
exhibited a sharp endothermic peak at 377.5 ◦C corresponding to the sample melting. PC
presented three low-intensity peaks (249.5, 355.8, and 391.4 ◦C) related to the fusion of the
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polar region and the melting of the hydrophobic tails of the phospholipids [30,31]. The
phytosomal complex presents a new peak, completely different from those observed in
the individual constituents of very low intensity at 462.5 ◦C, which could be related to the
appearance of new hydrogen bonds between the -OH groups of the phenolic rings of the
CtE with the phospholipid [30,31].

Figure 3. Differential scanning calorimetry spectra of samples: [Blue] CtE; [Green] PC; [Red] phyto-
somes with CtE.

The possible interaction between the CtE and PC in the phytosome was studied by
FTIR (Figure 4). The peaks at 3416.62, 3369.38, and 3289.81 cm−1 represent hydroxyl (OH)
stretching in the IR region of CtE, L-α-phosphatidylcholine, and the phytosome complex,
respectively (Figure 4). The absorption signals at 2922.01 cm−1 of the CtE and 2854.92 cm−1

of the complex represent the characteristic C-H stretching of the long chain of fatty acids,
and the peaks at 1664.39 cm−1 of the CtE and 1667.26 cm−1 of the complex represent the
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C=O stretching, also alluding to the existence of aromaticity [32]. In the case of the CtE, a
peak appears at 1079.99 cm−1 for the ether group (C-O-C) [32].

Figure 4. Fourier transform infrared spectroscopy of samples: [Blue] CtE; [Green] PC; [Red] phyto-
somes with CtE.

The FTIR spectrum of PC (Figure 4) marked the presence of multiple characteristic
absorption signals: at 2925.81 and 2854.71 cm−1, representing the characteristic C-H elon-
gation band of the long fatty acid chain; at 1735.17 cm−1, a characteristic of the carbonyl
stretching of the fatty acid ester; at 1247.26 and 1215.94 cm−1, corresponding to P=O stretch-
ing band (a characteristic of the phosphate functional group); at 1090.92 cm−1, representing
P-O-C elongation; and at 969.12 cm−1, due to N-+(CH3)3 stretching [31–33].

No new significant peaks were observed in the complex (Figure 4). However, the C=O
peak of the CtE was shifted in the complex to higher wavelengths, and there was also a
clear absorption band at the 1234.51 cm−1 characteristic, in the case of complexes, of strong
C–O bonds, proving the formation of new bonds. There was also a broadening of the
characteristic phenolic band (OH) caused by the formation of hydrogen bonds, indicating
that the phytosome formulation was successful [30].

2.3. Characterization of Fortified Yogurt

An initial sensory screening was conducted to eliminate yogurt formulations with
undesirable organoleptic attributes. This step allowed us to focus on subsequent analyses
(physicochemical, antioxidant, and bioavailability) of the most acceptable formulations in
terms of taste, texture, and appearance.
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2.3.1. Sensorial Analysis and Selection of Optimal Formulations for Further Analysis

Visual evaluation of yogurt samples (Figure 5) revealed that both the concentration
and form of CtE significantly influenced surface texture, color, and sedimentation patterns.
At low CtE concentrations (0.005–0.01%), yogurts maintained a smooth, uniform surface
and minimal sedimentation, comparable to the control. However, at ≥0.05% CtE, surface
cracking, gel destabilization, and visible sedimentation became evident, particularly at
0.2%, likely due to the interference of the extract’s high polysaccharide and mineral content
with the yogurt matrix [34]. Additionally, sedimentation was increasingly visible at higher
concentrations, with dark deposits accumulating at the bottom of the containers. Yogurts
containing more than 0.05% CtE fraction exhibited a yellowish, unappealing hue, similar to
findings from previous studies on seaweed extract incorporation in yogurt [35].

Yogurt +CtE 

Yogurt +CtE 

+ dehydrated 

Yogurt 

+Phytosome+Ct

Figure 5. Visual appearance and sedimentation patterns of yogurts formulated with varying concen-
trations of CtE and phytosome-encapsulated CtE. Top section: Yogurts with 0.005% (1), 0.01% (2),
0.05% (3), 0.10% (4), and 0.2% (5) CtE, showing increasing surface cracking and instability at higher
concentrations. Middle section: Yogurts with 0.01% CtE with (6) and without (2) dehydrated fruit and
0.15% CtE with dehydrated fruit (7), highlighting the masking effect of fruit on sedimentation. Bottom
section: Yogurts with 0.01% (8) and 0.15% (9) CtE in phytosomes, as well as 0.15% unencapsulated
CtE (10), demonstrating the effectiveness of phytosome encapsulation in reducing sedimentation at
lower concentrations.

To counter these effects, two strategies were tested: phytosome encapsulation and
dehydrated fruit addition. Phytosome encapsulation improved CtE dispersion and phase
stability, particularly at 0.01%, where yogurts exhibited a homogeneous structure with
minimal sedimentation. Even at 0.15% CtE, encapsulated samples showed reduced ag-
gregation compared to their unencapsulated counterparts, confirming the technique’s
effectiveness [35–37]. Nevertheless, formulations with 0.15% CtE showed structural insta-
bility, indicating the potential need for hydrocolloids or stabilizers in future developments.
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Dehydrated blackberry or raspberry enhanced visual appeal by masking sedimenta-
tion, likely due to particle coverage, which may also increase consumer acceptability [38].
Sensory analysis showed that CtE concentrations ≥ 0.10% increased acidity, partially
balanced by fruit addition, while aroma remained consistent with standard yogurt.

Other studies using higher seaweed concentrations reported strong seaweed flavor
and low flavor quality (e.g., 0.5% Undaria pinnatifida or Saccharina latissima) [39]. In contrast,
our formulations using ≤0.15% CtE demonstrated moderate sensory impact and improved
integration when paired with phytosomes or fruit. However, 0.15% CtE, samples still
showed structural instability, suggesting the potential need for hydrocolloids or stabilizers.

Based on appearance, flavor, and texture, the following formulations were selected
for further analysis: control yogurt (0% CtE); 0.01% CtE (unencapsulated); 0.01% CtE in
phytosomes; 0.01% CtE + dehydrated fruit; 0.15% CtE; and 0.15% CtE + dehydrated fruit.

2.3.2. Inhibition Capacity of Brain Enzymes Cholinesterases (AChE and BuChE)

The control sample (yogurt without CtE) showed no or weak inhibition of cholinesterases.
This result is in accordance with the study performed by Ramadan et al. [40]. These authors
investigated the influence of three different treatments to reverse the neurotoxicity induced
by AlCl3 in rats: plain yogurt, microcapsules of triple omega 3-6-9, and fortified yogurt
with those microcapsules. They concluded that treatments with fortified yogurt and
microcapsules were more effective than plain yogurt in reverting the increase in AChE and
BuChE activity promoted by AlCl3.

Low AChE and BuChE inhibition percentages were obtained due to the low concen-
tration of Cte or phytosomes incorporated in the yogurts (Figure 6). The best results (30%
AChE inhibition) were shown in the yogurt containing 0.15% of CtE (4 mg/mL of sample)
(Figure 6).

Figure 6. AChE and BuChE inhibition. 1—Control yogurt (2 mg/mL); 2—Control yogurt (4 mg/mL);
3—Yogurt with phytosomes 0.01% (2 mg/mL); 4—Yogurt with phytosomes 0.01% (4 mg/mL);
5—Yogurt with CtE 0.01% (2 mg/mL); 6—Yogurt with CtE 0.01% (4 mg/mL); 7—Yogurt with CtE
0.01%+ dehydrated fruit (2 mg/mL); 8—Yogurt with CtE 0.01%+ dehydrated fruit (4 mg/mL);
9—Yogurt with CtE 0.15% (2 mg/mL); 10—Yogurt with CtE 0.15% (4 mg/mL); 11—Yogurt with CtE
0.15%+ dehydrated fruit (2 mg/mL); 12—Yogurt with CtE 0.15%+ dehydrated fruit (4 mg/mL). Bars
represent mean values, with significance indicated by * and ** for p < 0.05, representing samples that
differ significantly from others.

The percentages of inhibition obtained are relatively low due to the yogurt manu-
facturing integrating rather low percentages of the CtE and phytosomes. However, we
have reported that the CtE shows a high percentage of inhibition of cholinesterases [14].
Therefore, by the cumulative effect, our results support that the possibility of achieving
improved inhibition should not be discarded.
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2.3.3. Antioxidant Activity

The prepared yogurts’ radical scavenging ability was measured using the ABTS•+ and
ORAC assays. The results are presented in Table 1.

Table 1. Antioxidant activity (ABTS and ORAC) of yogurt formulations containing CtE and phytosomes.

Samples ABTS (mg TE/100 g) ORAC (μmol TE/100 g)

Control (0%) 13.5 ± 0.3 a 62.1 ± 0.3 a

0.01% CtE 11.1 ± 0.1 a 118 ± 1 b

0.01% CtE + DF 24.2 ± 1.0 c 245 ± 1 e

0.15% CtE 18.4 ± 1.6 b 162 ± 3 c

0.15% CtE + DF 27.0 ± 0.7 d 167 ± 1 d

0.01% Phytosomes 12.9 ± 1.2 a 60.0 ± 0.1 a

Within columns, different letters correspond to significantly different values (p < 0.05).

Table 1 shows that the control yogurt had the lowest antioxidant activity (ABTS:
13.5 mg TE/100 g; ORAC: 62.1 μmol TE/100 g), providing a baseline. Yogurt containing
0.01% CtE in the phytosome form showed no significant improvement, suggesting a limited
release of bioactives due to encapsulation. This may reflect strong interactions with yogurt
components, stabilizing the formulation but limiting an immediate antioxidant action.

In contrast, adding 0.01% unencapsulated CtE markedly increased ORAC values
(118 μmol TE/100 g), while ABTS remained like the control—implying assay sensitivity
differences. When dehydrated fruit (DF) was added to this formulation, both ABTS (24.2 mg
TE/100 g) and ORAC (245 μmol TE/100 g) increased significantly, suggesting a synergistic
effect between fruit and seaweed-derived polyphenols. A higher CtE concentration (0.15%)
further increased antioxidant values, especially ABTS (27.0 mg TE/100 g), though ORAC
peaked at 0.01% CtE + DF.

Previous research has demonstrated the potential of seaweed extracts, such as those
from Ascophyllum nodosum and Fucus vesiculosus, to enhance yogurt’s antioxidant properties
and shelf life. In a study where yogurts were formulated with 0.25% and 0.5% seaweed
extracts, improvements in radical scavenging activity measured using the DPPH assay, lipid
oxidation stability, and microbiological quality were observed over a 28-day storage period.
The yogurt containing 0.5% F. vesiculosus extract exhibited a significantly higher radical
scavenging activity (p < 0.05) compared to the control, reinforcing the role of seaweed
bioactives in improving yogurt functionality [35].

2.3.4. pH, Titratable Acidity, and Peroxide Value

The pH, titratable acidity, and peroxide values of yogurt samples were evaluated
during 7 days of storage at 4 ◦C to assess the impact of the CtE, phytosome encapsulation,
and dehydrated fruit addition on yogurt stability over time. The results are presented
in Table 2.

Initial pH (pH0) values ranged from 4.26 to 4.40 (p < 0.05). The highest (4.40 ± 0.01)
was observed in phytosome-encapsulated 0.01% CtE, suggesting delayed acidification. The
lowest pH (4.26 ± 0.01) occurred in 0.01% CtE + DF, likely due to fruit-derived organic
acids. These values are comparable to those in seaweed-fortified yogurts from previous
studies [41].

By day 7 (pH7), all samples showed a slight pH decline, with values ranging from
4.23 to 4.37 (p < 0.05). The control yogurt dropped from 4.36 to 4.31, showing a 1.2%
reduction, while CtE- and phytosome-fortified samples exhibited smaller pH decreases
(~0.7%), suggesting that phenolic compounds may inhibit bacterial metabolism and slow
acidification [42,43]. The highest final pH (4.37 ± 0.01) remained in the phytosome sample,
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reinforcing its stabilizing effect on microbial activity. The lowest (4.23 ± 0.01) persisted in
0.01% CtE + DF, confirming accelerated acidification probably due to fruit sugars.

Table 2. Effect of seaweed extracts, dehydrated fruits, and phytosome encapsulation on pH, titratable
acidity, and peroxide value in yogurt over 7 days at 4 ◦C.

Samples pH0 pH7
TA0 (g LA/100 g

Yogurt)
TA7 (g LA/100 g

Yogurt)
PV7 (meqO2/100 g

Yogurt)

Control (0%) 4.36 ± 0.01 B,d 4.31 ± 0.01 A,d 0.708 ± 0.003 A,b 0.850 ± 0.029 B,b n.d.
0.01% CtE 4.37 ± 0.01 A,d 4.33 ± 0.01 A,e 0.683 ± 0.028 A,b 0.773 ± 0.089 A,a,b 0.0267 ± 0.0012 b

0.01% CtE + DF 4.26 ± 0.01 B,a 4.23 ± 0.01 A,a 0.820 ± 0.004 B,c 0.757 ± 0.022 A,a,b 0.0254 ± 0.0015 b

0.15% CtE 4.31 ± 0.01 B,c 4.29 ± 0.01 A,c 0.816 ± 0.001 B,c 0.801 ± 0.001 A,b 0.0418 ± 0.0033 c

0.15% CtE + DF 4.28 ± 0.01 A,b 4.24 ± 0.01 B,b 0.828 ± 0.001 B,c 0.800 ± 0.001 A,b 0.0483 ± 0.0044 c

0.01% Phytosomes 4.40 ± 0.01 B,e 4.37 ± 0.01 A,f 0.541 ± 0.002 A,a 0.679 ± 0.001 B,a 0.00635 ± 0.00032 a

0: initial time; 7: day 7; TA: titratable acidity; LA: lactic acid equivalents. Values are presented as mean ± standard
deviation. Different lowercase letters in the same column indicate significant differences between samples
(p < 0.05). Different uppercase letters in the same row indicate significant differences over time for pH and
titratable acidity (p < 0.05).

Titratable acidity (TA0) on day 0 ranged from 0.541 to 0.828 g lactic acid (LA)/100 g,
with the lowest TA in the phytosome sample (0.541 ± 0.002 g LA/100 g) and the highest
in 0.15% CtE + DF (0.828 ± 0.001 g LA/100 g, p < 0.05). After 7 days (TA7), the control
yogurt exhibited the highest acidity increase (0.850 ± 0.029 g LA/100 g, p < 0.05). CtE
and DF-fortified samples ranged from 0.757 to 0.801 g LA/100 g, while the phytosome
sample remained the lowest (0.679 ± 0.001 g LA/100 g, p < 0.05), confirming phytosome
encapsulation mitigates acidification over time [37]. These values align with those observed
in Caulerpa racemosa-fortified yogurts (0.64–0.85%) [41].

The decrease in pH and the increase in acidity over time resulted from the metabolism
of lactic acid bacteria, including lactose hydrolysis and organic acid production [44]. Acidity
values (0.541–0.850% lactic acid) remained within the Codex Alimentarius standard range
(0.60–1.5%) [45].

Ghorbanzade et al. [37] evaluated pH and acidity changes in yogurt samples prepared
with nano-encapsulated fish oil over 21 days at 4 ◦C and similarly observed that control
yogurts exhibited the sharpest pH decline, while fortified samples showed slower acidifica-
tion, consistent with our findings. Their study also confirmed that phytosome encapsu-
lation helped regulate pH reduction and acidity increase, likely by moderating bacterial
metabolism and acid production. Additionally, they reported that higher fat content con-
tributed to increased acidity, possibly due to interactions with fermentation dynamics [37].

Lipid oxidation was assessed to evaluate the oxidative stability of the different yogurt
formulations. Oxidation in dairy products can lead to off-flavors and reduced shelf life,
making it a fundamental parameter for assessing yogurt quality [46].

Lipid oxidation was undetectable (n.d.) in the control yogurt on day 7, while fortified
samples exhibited significant peroxide value (PV) increases (p < 0.05). The highest PV
(0.0483 ± 0.0044 meq O2/100 g) was found in 0.15% CtE + DF, indicating higher oxidative
susceptibility at elevated extract concentrations. The lowest PV (0.00635 ± 0.00032 meq
O2/100 g, p < 0.05) in phytosome-fortified yogurt suggests that encapsulation significantly
reduces lipid oxidation. Lipid peroxidation inhibition probably results from bioactive an-
tioxidant activity (e.g., polyphenols in seaweed extracts) and membrane-stabilizing effects,
which restrict oxygen penetration into lipid bilayers, slowing oxidation [47]. However,
higher CtE concentrations increased oxidative susceptibility, likely due to the lipid content
of algae (2.2 ± 0.1 g/100 g) [14], while nanoencapsulation effectively protected unsaturated
fatty acids despite raising total lipid content [48].
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Our findings align with previous studies on nanoencapsulation’s role in preserving
lipid stability. Ghorbanzade et al. [37] observed that peroxide values increased significantly
in yogurts with unencapsulated fish oil. At the same time, nanoencapsulated samples
maintained stable PV (~0.6 meq/kg) over 21 days, confirming encapsulation’s protective
barrier against oxidation.

These results confirm that phytosome encapsulation enhances oxidative stability,
preserving unsaturated fatty acids and extending the shelf life of fortified dairy products.

2.3.5. Syneresis, Moisture, Total Solids, Organic, and Ash Contents in Yogurts

The physicochemical properties of the yogurt samples, including syneresis, moisture
content, total solids, organic content, and ash percentage, are summarized in Table 3. Sig-
nificant differences (p < 0.05) were observed among formulations, particularly in syneresis
and total solids, which were influenced by the addition of CtE, dehydrated fruit (DF), and
phytosome encapsulation.

Table 3. Physicochemical properties and proximate composition of yogurt samples with
different formulations.

Samples Syneresis (%) Moisture (%) Total Solids (%)
Organic Content

(%)
Ash (%)

Control (0%) 19.8 ± 1.4 a 90.1 ± 0.1 c 9.92 ± 0.08 a 94.8 ± 0.2 c 5.20 ± 0.25 a

0.01% CtE 30.1 ± 2.4 b 90.4 ± 0.3 c 9.63 ± 0.30 a 94.1 ± 0.2 b 5.87 ± 0.24 b

0.01% CtE + DF 18.2 ± 0.7 a 87.9 ± 0.1 a 12.1 ± 0.1 c 92.6 ± 0.4 a 7.43 ± 0.38 c

0.15% CtE 52.5 ± 3.2 d 88.9 ± 0.1 b 11.1 ± 0.1 b 92.6 ± 0.2 a 7.38 ± 0.15 c

0.15% CtE + DF 39.6 ± 3.6 c 87.9 ± 0.1 a 12.1 ± 0.1 c 92.3 ± 0.3 a 7.73 ± 0.27 c

0.01% Phytosomes 17.2 ± 1.0 a 88.2 ± 0.1 a 11.8 ± 0.1 c 92.2 ± 0.1 a 7.82 ± 0.01 c

Values are presented as mean ± standard deviation. Different lowercase letters in the same column indicate
significant differences between samples (p < 0.05).

Syneresis, a key indicator of whey separation and structural stability, varied signifi-
cantly among samples (p < 0.05). The lowest values were observed in the control (19.8%),
0.01% CtE + DF (18.2%), and 0.01% Phytosome (17.2%), indicating better water retention
and gel stability. In contrast, the highest syneresis occurred in 0.15% CtE (52.5%) and 0.15%
CtE + DF (39.6%), suggesting that higher CtE concentrations disrupt the protein network,
reducing water-holding capacity (WHC) and increasing whey separation [36].

These findings align with studies reporting that plant extracts can stabilize or weaken
casein gels depending on concentration and protein interactions [49]. Additionally, phyto-
some encapsulation and increased total solids (via DF) enhanced WHC and reduced synere-
sis, likely due to emulsifier-stabilized water absorption and a reinforced protein matrix [36].

Moisture content significantly differed among formulations (87.9–90.4%, p < 0.05),
with the lowest levels in dehydrated fruit-containing samples, likely due to the fruit’s
ability to absorb moisture from the yogurt, reducing overall water retention [50].

Total solids, which reflect the sum of organic and inorganic components, influence
yogurt’s nutritional density and texture. The lowest values were found in control (9.92%)
and 0.01% CtE (9.63%). In comparison, the highest (11.8–12.1%, p < 0.05) were observed
in CtE + DF and phytosome-containing samples, likely due to dehydrated fruit’s fiber
and sugar content, which also contributes to lower moisture content. These findings align
with studies showing that fruit fortification increases dry matter, improving texture and
reducing syneresis [51,52].

Organic content was the highest in control (94.8%) and slightly but significantly lower
(92.2–94.1%) in fortified samples (p < 0.05), likely due to added mineral components from
CtE and phytosomes.
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Ash content, representing inorganic minerals, ranged from 5.20% to 7.82%, with the
highest values in phytosome-containing samples. This reflects the mineral richness of
seaweed extracts, especially in calcium, potassium, and magnesium [53].

2.3.6. Mineral Composition (Ca, K, Mg and Na)

The mineral composition of the yogurt samples, including calcium (Ca), potassium (K),
magnesium (Mg), sodium (Na), and salt (NaCl) content, is presented in Table 4. Significant
differences (p < 0.05) were observed for potassium, sodium, and salt content, while calcium
and magnesium remained relatively stable across formulations.

Table 4. Mineral Composition of Yogurt Samples with Different Formulations.

Samples
Ca (mg/100 g

Yogurt)
K (mg/100 g

Yogurt)
Mg (mg/100 g

Yogurt)
Na (mg/100 g

Yogurt)
Salt (mg/100 g

Yogurt)

Control (0%) 96.8 ± 3.9 a 104 ± 19 a,b 21.6 ± 1.1 a 87.5 ± 16.9 a 219
0.01% CtE 96.2 ± 3.0 a 93.4 ± 4.3 a 22.6 ± 2.3 a 85.3 ± 1.9 a 213

0.01% CtE + DF 96.4 ± 3.7 a 144 ± 3 c 22.9 ± 0.2 a 76.7 ± 1.8 a 192
0.15% CtE 106 ± 1 a,b 121 ± 4 b,c 22.1 ± 0.3 a 84.7 ± 4.5 a 212

0.15% CtE + DF 103 ± 4 a,b 137 ± 2 c 22.7 ± 0.4 a 75.7 ± 0.8 a 189
0.01% Phytosomes 113 ± 10 b 99.4 ± 7.4 a,b 19.3 ± 2.0 a 75.9 ± 6.4 a 190

Values are presented as mean ± standard deviation. Different lowercase letters in the same column indicate
significant differences between samples (p < 0.05). Recommended daily intakes of minerals: Ca: 750 mg/day;
K: 3500 mg/day; Mg: 300 mg/day; Na; 2000 mg/day (https://www.efsa.europa.eu/en/topics/topic/dietary-
reference-values, accessed on 20 January 2023). Recommended maximum daily salt (NaCl) intake: <5000 mg/day,
calculated from 2000 mg Na × 2.5 (https://www.who.int/data/gho/indicator-metadata-registry/imr-details/30
82, accessed on 3 March 2025).

Calcium levels ranged from 96.2 to 113 mg/100 g, with the 0.01% phytosome sample
exhibiting the highest concentration (113 ± 10 mg/100 g, p < 0.05). This suggests a
potential contribution of phytosome encapsulation to calcium retention. Magnesium
content remained relatively unchanged across formulations (19.3–22.9 mg/100 g, p >
0.05), indicating that CtE, DF, and phytosomes did not significantly impact Mg presence
in yogurt.

Significant increases in potassium (p < 0.05) were observed in DF-containing formula-
tions, with 0.01% CtE + DF (144 ± 3 mg/100 g) and 0.15% CtE + DF (137 ± 2 mg/100 g)
showing the highest levels. These values were significantly higher than those in the control
(104 ± 19 mg/100 g) and 0.01% CtE (93.4 ± 4.3 mg/100 g), suggesting that dehydrated fruit
contributed to potassium enrichment, consistent with previous findings in fruit-fortified
dairy products [54].

Sodium levels remained similar across formulations (75.7–87.5 mg/100 g, p > 0.05),
indicating that CtE and phytosome encapsulation did not significantly alter Na content.
However, salt content was significantly lower in DF-fortified samples (189–192 mg/100 g)
compared to the control (219 mg/100 g), likely due to interactions between fruit-derived
bioactives and ionic components affecting mineral solubility [55].

The mineral composition of these yogurts aligns with reported values for natural
yogurts: Ca (129–155 mg/100 g), K (98.0–165 mg/100 g), Mg (10.6–15.0 mg/100 g), and
Na (81.0–141 mg/100 g) [56]. While seaweed is generally rich in sodium [57], CtE in these
formulations did not significantly increase the Na content.

The produced yogurts contribute modestly to the recommended daily intakes (RDAs)
of sodium (3.78–4.38%), potassium (2.67–4.12%), and magnesium (6.43–7.62%). In contrast,
calcium levels contribute more significantly (12.8–15.0%) than commercial natural yogurts
(120 mg/100 g). The Na/K ratio remained below 1.0 in all samples (0.53–0.91), an important
dietary metric associated with reduced cardiovascular disease risk [58].
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These findings highlight the potential of DF and phytosome encapsulation to influence
mineral retention and enhance the nutritional value of yogurt formulations.

2.3.7. Total Lipids, Proteins, Total Sugars, and Energetic Value

The nutritional composition of the yogurt formulations is summarized in Table 5,
showing significant differences (p < 0.05) across all measured parameters, particularly
total lipid content, which was notably influenced by CtE, dehydrated fruit (DF), and
phytosome encapsulation.

Table 5. Nutritional composition of yogurt samples with different formulations.

Samples Total Lipids (%) Total Sugars (%) Total Protein (%) Caloric Content (kcal)

Control (0%) 1.05 ± 0.09 a,b 2.10 ± 0.19 b 3.17 ± 0.29 a 30.6
0.01% CtE 0.794 ± 0.056 a 1.51 ± 0.11 a 3.54 ± 0.25 a,b 27.3

0.01% CtE + DF 0.921 ± 0.037 a,b 1.27 ± 0.05 a 3.75 ± 0.15 a,b,c 28.4
0.15% CtE 1.49 ± 0.10 b,c 1.37 ± 0.10 a 4.28 ± 0.30 b,c 36.0

0.15% CtE + DF 1.89 ± 0.09 c 2.14 ± 0.11 b 4.40 ± 0.22 c 43.2
0.01% Phytosomes 5.35 ± 0.48 d 3.00 ± 0.27 c 4.45 ± 0.40 c 78.0

Values are presented as mean ± standard deviation. Different lowercase letters in the same column indicate
significant differences between samples (p < 0.05). Caloric content was calculated using the Atwater general
factor system where the energy values are 4.0 kcal/g for protein, 9.0 kcal/g for fat, and 4.0 kcal/g for sugars
(https://www.fao.org/4/y5022e/y5022e04.htm#fn9, accessed on 21 January 2025). A daily caloric intake of
2000 kcal was adopted as a reference value, in line with general dietary guidelines provided by EFSA (https:
//www.efsa.europa.eu/en/topics/topic/dietary-reference-values, accessed on 4 March 2025).

Total lipids ranged from 0.794% to 5.35%, with the lowest values in 0.01% CtE yogurt
(0.79%) and the highest in phytosome-encapsulated samples (5.35%, p < 0.05). This increase
is attributed to the phospholipid-based encapsulation matrix, consistent with studies
reporting elevated fat content in nanoencapsulated bioactives with enhanced oxidative
stability [37]. Lower CtE concentrations slightly reduced fat content, possibly due to fat-
binding interactions with bioactive compounds [59]. In contrast, higher CtE levels (0.15%)
and DF addition increased lipid content (1.89%), likely due to fruit-derived lipids [60].

Protein content ranged from 3.17% in the control to 4.45% in phytosome-encapsulated
yogurt, with significantly higher values observed in all fortified formulations (p < 0.05).
Notably, 0.15% CtE + DF and phytosome samples reached 4.40% and 4.45%, respectively.
This increase is likely due to interactions between seaweed bioactives and casein micelles,
enhancing protein retention and structural stability [60,61]. Yogurts with 0.01% CtE and
0.01% CtE + DF showed moderate increases (3.54% and 3.75%, respectively), while 0.15%
CtE reached 4.28%. The high protein values also reflect green algae’s naturally high
protein content (10–47% dry weight) [12] and the protective effect of nanoencapsulation
during fermentation [36]. As all fortified samples exceeded typical commercial yogurt
protein levels (~3.20 g/100 g), these formulations show strong potential as high-protein
functional yogurts [62].

Total sugar content ranged from 1.27% to 3.00%, with significantly lower values in
0.01% CtE + DF (1.27%) and 0.15% CtE (1.37%) compared to the control (2.10%, p < 0.05).
This reduction likely reflects increased carbohydrate metabolism by lactic acid bacteria in
the presence of CtE and fruit polyphenols [63]. In contrast, the phytosome-encapsulated
sample showed the highest sugar content (3.00%), possibly due to the encapsulation matrix
contributing additional carbohydrates or altering fermentation kinetics [36,42,43]. These
findings suggest that CtE and DF can reduce sugar content, supporting the development of
low-sugar formulations, while phytosome-containing yogurts may require optimization to
manage sugar levels. Compared to commercial yogurts (~4.6 g/100 g), the sugar content in
all samples remained lower.
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Caloric content varied significantly (27.3–78.0 kcal/100 g), with the lowest values in
0.01% CtE (27.3 kcal) and the highest in phytosome formulations (78.0 kcal, p < 0.05). The
increased energy value in phytosome-encapsulated yogurts aligns with higher lipid content
from the encapsulation system. Compared to commercial yogurts (~3% of daily energy
intake), the phytosome formulation contributed 3.90% of the reference daily intake (RDI),
whereas other formulations ranged from 1.37% to 2.16%.

Incorporating phytosomes significantly increased yogurt’s caloric content, mainly due
to the lipid-based composition of the encapsulation matrix. While low-calorie products
are gaining popularity, consumer preferences are also shifting towards functional foods
that provide improved bioavailability of bioactive compounds and health benefits. Studies
indicate that consumers are willing to accept a moderate increase in caloric content if
the product offers added functional properties, such as improved nutrient absorption,
oxidative stability, and gut health benefits [64,65].

Furthermore, product formulation strategies can balance this caloric increase by ad-
justing portions, modifying sugar and fat content, or targeting health-conscious consumers
seeking premium functional dairy products. Similar trends have been observed in fortified
yogurts and nanoencapsulated bioactives where enhanced nutritional benefits offset higher
caloric values [37,66].

These findings confirm that phytosome encapsulation significantly increases lipid and
caloric content, while CtE and DF fortification enhance protein levels and reduce sugars.
Together, these formulations show promise for functional dairy applications and can be
positioned as high-value products for consumers seeking health benefits and innovative
yogurt options.

3. Material and Methods

3.1. Reagents

L-α-phosphatidylcholine (egg yolk, Type XI-E, 100 mg/mL in chloroform, ≥99%, solu-
tion), human ApoE3 (recombinant, expressed in E. coli, ≥90% (SDS-PAGE), (HPLC), acetylth-
iocholine iodide ≥ 98% (TLC), butyrylthiocholine iodide ≥ 98%, butyrylcholinesterase from
equine serum, acetylcholinesterase from electric eel, 5,5′-dithiobis(2-nitrobenzoic acid),
Trizma® (St. Louis, MO, USA), ≥99.9% (titration), crystalline, bovine serum albumin, cold
ethanol fraction, pH 5.2, ≥96%, 1-octanol ACS reagent, suitable for UV/vis spectroscopy,
≥99.5% (GC), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), disodium
fluorescein, potassium phosphate monobasic (KH2PO4), potassium phosphate dibasic
trihydrate (K2HPO4·3H2O), and 2′,2′-azobis (2-amidinopropane) dihydrochloride (AAPH)
were acquired from Sigma Chemicals Co. (). Anhydrous absolute ethanol and 96% sulfuric
acid, RPE (for analysis—ISO) were acquired from Carlo Erba Reagents (Chau. du Vexin,
Val-de-Reuil, France); ACS BASIC CL0217 chloroform, stabilised with ethanol from Schar-
lab (Barcelona, Spain), KBr—potassium bromide (IR) PAI and tablets for Kjeldahl (Catalyst
with 0.3% CuSO4·5H2O) from Panreac (Darmstadt, Germany); DSPE-PEG(2000) amine
(chloroform 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino (polyethylene
glycol)—2000]), from Avanti Polar Lipids (Alabaster, AL, USA); soluble starch GR ISO.
CAS 9005-84-9, pH 6.0–7.5, sodium thiosulfate pentahydrate 99.5% for analysis, both from
Merck (Darmstadt, Germany); potassium iodide RPE-ACS, sodium hydroxide AGR, and
low metal micro-pearls, from Labbox (Barcelona, Spain); potassium hydrogenophthalate,
≥99.5%, from Honeywell (Charlotte, NC, USA). Potassium persulfate, and 2,2-azinobis
(3-ethylbenzothiazoline-6-sulfonic acid) di-ammonium salt (ABTS) were purchased from
Merck (Darmstadt, Germany).
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3.2. Samples and Extraction

C. tomentosum extract was produced by subcritical water extraction as described by
Soares, C. et al. [14]. In this study, only the E4 fraction was used, herein named CtE.

3.3. Box–Behnken Factorial Design

A Box–Behnken design with three independent variables [A—time (1–4 h), B—temperature
(25–60 ◦C), and C—ratio CtE:phosphatidylcholine (1:1–1:4)] was applied to obtain the
best conditions to maximize the phytosome complex formation. A total of 15 runs were
performed, considering 3 central points. The software Design Expert (version 11, Stat-Ease
Inc., Minneapolis, MN, USA) was used for experimental design, data analysis, and model
building. After determining the model equation, Derringer’s desirability function was
used to maximize the modeled responses.

3.4. Phytosome Production and Characterization

The phytosomes were produced using the optimal conditions of temperature, time,
and ratio CtE:phosphatidylcholine. Phytosome production started by mixing 3 mg of
CtE and 30 μL of L-α-phosphatidylcholine (100 mg/mL in chloroform). After drying the
chloroform under nitrogen flow, 3 mL of ethanol was added. To allow the reaction to
occur, the mixture was placed in a water bath at 59 ◦C for 1 h. After this period, ethanol
was evaporated under nitrogen, and 3 mL of chloroform was added to the dried com-
plex. Then, the mixture was filtered twice through PTFE membranes (0.22 μm) to remove
non-complexed extract. Phytosomes were stored dried, after chloroform evaporation, and
used in a few days. The complex was further functionalized with 3% ApoE and 2.5%
DSPE-PEG(2000) amine. Afterward, they were characterized by dynamic light scattering
(DLS), UV spectrophotometry, octanol/water partition coefficient (Kow), differential scan-
ning calorimetry (DSC), and Fourier transform infrared spectroscopy (FTIR), according to
established procedures [30,33].

DLS analysis was performed in a Malvern Zetasizer ZS instrument (Worcestershire,
UK), using disposable polystyrene cuvettes for each sample. Prior to each analysis, the
samples were homogenized using an ultrasound bath. The intensity-distribution size was
obtained with the Malvern Zetasizer v7.11 software.

CtE, L-α-phosphatidylcholine and phytosomes UV-vis spectra were traced in a UV-vis
Shimadzu spectrophotometer (model UV-2101PC, Tokyo, Japan). For that, samples were
diluted in chloroform and submitted to ultrasound to ensure correct solubilization. The
UV-vis spectra were traced from 200 to 700 nm.

The solubility in water or in organic solvents was determined by adding 10 mL of
water and 10 mL of n-octanol to the complex or to CtE, in a decantation funnel. The mixture
was agitated for 24 h at room temperature. After phase separation, both phases were
centrifuged for 20 min at 1000 rpm. The supernatant was filtered through PTFE membranes
(0.22 μm). Sample concentration was determined at 280 nm (characteristic wavelength of
CtE) in a microplate reader (BioTek Synergy HTX Multimode Reader, Winooski, VT, USA,
EUA) using the calibration curves traced for CtE dissolved in water and CtE dissolved in
n-octanol. The Kow partition coefficient was calculated according to Equation (2):

Kow = P = Co/Cw (2)

where Co = concentration in the n-octanol phase and Cw = concentration in the aqueous phase.
To obtain L-phosphatidylcholine, CtE, and phytosomes thermograms, 3.0 ± 0.2 mg

of each sample was placed into alumina crucibles. An empty alumina crucible was used
as a reference. Thermograms and DSC results were obtained using a thermal analyzer
STA 449 F3 Jupiter® (NETZSCH, Selb, Germany) with NETZSCH Proteus® 5.2 software.
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The temperature program applied ranged from 25 ◦C to 1000 ◦C, with a rate of 20 ◦C per
minute under a nitrogen flow of 50 mL/min.

For FTIR analysis, CtE was grounded with KBr (1:100) in a mortar. Transparent ultra-
pure pellets were formed by applying a 10 Ton/nm2 force. For L-α-phosphatidylcholine and
phytosomes, producing KBr-sample pellets was not feasible, so the samples were directly
placed between NaCl salt plates. The samples were analyzed using a Nicolet 6700 FT-IR
(Thermo Fisher Scientific, Waltham, MA, USA) with OMNICTM Spectra 8.3 software. The
spectrum was obtained with a resolution of 4 cm−1 and analyzed within the wavenumber
range of 400–4000 cm−1.

3.5. Functional Yogurt Preparation and Characterization

The yogurt formulation followed a predefined recipe, was fermented for approxi-
mately 12 h in a yogurt maker, and then stored at 4 ◦C. A commercial ultra-pasteurized
semi-skimmed milk containing 16 g of lipids, 49 g of sugars, 34 g of proteins, 1 g of salt,
and 1.2 g of calcium per liter was used. Additionally, a commercial natural yogurt was
employed as a source of lactic acid bacteria for fermentation, with 2.5 g of lipids, 4.6 g of
sugars, 3.2 g of proteins, 0.14 g of salt, and 120 mg of calcium per 100 g. A total of ten
yogurt samples were prepared, containing varying concentrations of the CtE: 0%, 0.005%,
0.01%, 0.05%, 0.1%, and 0.2%. Additional formulations included phytosome-encapsulated
CtE at 0.01% and 0.15% and yogurts with 0.01% and 0.15% CtE combined with powdered
dehydrated blackberry and raspberry. Physicochemical properties, such as pH, acidity,
syneresis [37], moisture, total solids, organic and inorganic content [67], peroxides [68], pro-
teins [69], total lipids [70], sugar content [71], and mineral composition [72], were analyzed
according to established procedures. The in vitro inhibition capacity of the brain enzyme
AChE and BuChE activities for each yogurt was measured according to a modified Ellman
assay [14,73]. For antioxidant activity, the 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid radical (ABTS•+) [74] and the oxygen radical absorbance capacity (ORAC) [14] assays
were used. Trolox was used as standard in both assays. The results were expressed as
mg Trolox equivalents (TE) per 100 g yogurt (mg TE/100 g) for ABTS and μmol Trolox
equivalents per 100 g yogurt (μmol TE/100 g). For all the extracts, triplicate measurements
were made.

For the sensorial analysis, a restricted group of informed, untrained, informal tasters
was selected to verify possible alterations in fortified yogurts’ aroma, taste, color, and
texture using the affective method expressed by each taster’s opinion.

3.6. Statistical Analysis

The data are presented as mean ± standard deviation and were evaluated using
one-way ANOVA. Tukey’s HSD post hoc test (p < 0.05) was employed to assess group
differences. Analyses were conducted using SPSS (Version 29.0.2, IBM Corp., Armonk, NY,
USA, 2023).

4. Conclusions

Phytosomes complexed with a neuroprotective seaweed fraction were success-
fully developed at the optimal conditions of temperature 59 ◦C, time 1 h, and ratio
CtE:phosphatidylcholine of 1:1, offering a promising functional food ingredient designed
for the elderly. FTIR and DSC analyses confirmed the formation of a phyto-phospholipid
complex, while DLS analysis demonstrated a small particle size and low polydispersity,
indicating favorable dispersion properties. Additionally, the octanol/water partition coeffi-
cient was higher for the phytosome complex than for the isolated CtE, suggesting improved
bioavailability. Given the increasing need for neuroprotective dietary interventions in aging
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populations, these phytosomes hold the potential for being incorporated into functional
yogurts and other food matrices aimed at supporting cognitive health in the elderly. Future
research will focus on evaluating their stability, bioaccessibility, and long-term effects on
cognitive function in aging individuals. Further studies, including in vitro digestion mod-
els and release profile assessments, are necessary to evaluate the liberation of the CtE under
physiological conditions and optimize the formulation for enhanced functional benefits.
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Abstract: Microalgae have gained significant attention as sustainable sources of high value
compounds, such as bioactive polysaccharides that are usually rich in sulfated groups and
exhibit antioxidant properties. Here, 14 new microalgae strains of the genera Tetraselmis,
Dunaliella, and Nannochloropsis, isolated from Greek coastal lagoons were analyzed to quan-
tify and characterize their polysaccharide content. Heterogeneity was observed regarding
the content of their total sugars (5.5–40.9 g/100 g dry biomass). The strains with a total
sugar content above 20% were analyzed concerning the content of total, α- and β-glucans.
Tetraselmis verrucosa f. rubens PLA1-2 and T. suecica T3-1 were rich in β-glucans (11%, and
8.1%, respectively). The polysaccharides of the two Tetraselmis strains were isolated and
they were mainly composed of glucose and galactose. The isolated polysaccharides were
fractionated using ion-exchange-chromatography. The anionic fraction from T. verrucosa f.
rubens PLA1-2 was rich in sulfated polysaccharides, had antioxidant capacity, and exhibited
healing properties. The anionic polysaccharides from the two Tetraselmis strains did not
negatively influence the viability of human cells, while exhibiting antiviral properties
against the replication of Hepatitis C Virus (HCV), with median efficient concentrations
(EC50) at a range of 210–258 μg/mL.

Keywords: microalgae; bioactive polysaccharides; wound healing; antioxidants; antiviral
properties; Tetraselmis

1. Introduction

Microalgae have gained significant scientific and industrial attention in recent years
as alternative and sustainable sources of value-added metabolites, such as polysaccharides,
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lipids, proteins, vitamins and biopigments, due to their nutritional and pharmaceutical
properties [1–12]. In parallel, the advantage of microalgae is the ease of cultivation, growth,
and harvesting, independently of climatic or seasonal conditions [13].

Microalgal polysaccharides content varies between 15% and 75% across different
species and are classified as intracellular polysaccharides, containing both the storage
substances and the structural components of the cell walls, cell-bounded extracellular
polysaccharides and released extracellular polysaccharides [14,15]. Both the production and
composition of polysaccharides depend on the microalgal strain and are influenced by the
nutritional and physicochemical conditions of the cultivation [16]. Polysaccharides present
a diverse range of structures, determined by the composition of monosaccharides (40–50
hexoses, pentoses, and uronic acids), branches, and associated additives (such as sulfate
groups, acyl groups, amino acids, or fatty acids) [17]. Bioactive polysaccharides, such
as sulfated polysaccharides, beta-glucans (β-glucans), galactans, etc., are valuable in the
food, feed, pharmaceutical, cosmetic, biomedical, and hydrocolloid industries, due to their
hypolipidemic and hypoglycemic effects, as well as their antimicrobial, antiviral, antifungal,
anti-inflammatory, antioxidant, and anticancer properties. These properties render them
useful in various applications, owing to their biocompatibility, biodegradability, and non-
toxicity [13,17–25].

Skin reconstruction and hydration products represent valuable assets in the field of
cosmetology and pharmaceutical industries. Wound healing is a complex process involving
tissue repair through several stages, including hemostasis, inflammation, proliferation, and
remodeling. This process engages various cells and signaling molecules to regulate the
cellular response and restore the structure of the injured tissue. Bioactive polysaccharides
could contribute to the healing of wounds, especially in cases of extensive wounds or
in patients with chronic wounds, that have difficult healing. Polysaccharides create an
optimal environment for cell adhesion and proliferation by interacting with skin proteins,
forming a barrier, which retains local moisture. Simultaneously, they exhibit antimicrobial
and antiviral effects by stabilizing the skin’s microflora, thus preventing infections and
limiting reactive oxygen species (ROS) and inflammation in the wound. Otherwise, the
unchecked inflammation could potentially lead to neoplastic differentiation [25,26].

In the present study, 14 newly isolated strains of microalgae from Greek coastal
lagoons were initially evaluated for their polysaccharide content. Enzymatic determination
of β-glucans content and subsequent polysaccharide extraction were performed on selected
strains. After fractionation, the recovered eluates were characterized regarding their total
sugars, sulfates concentration, and antioxidant capacity. Finally, cytotoxicity, antiviral
activity, and wound healing properties of selected eluates were assessed.

2. Results

2.1. The Total Sugar and β-Glucan Contents Differ Significantly Among Tetraselmis Species

Polysaccharides are composed of sugar monomers; thus, we first determined the
content of total sugars in the dry biomass (DB) of each microalgae strain. More information
regarding the initial and final cell densities of the cultures, the maximum growth rates,
and the final dry biomass concentration values after 10 days of growth is provided in
the Supplemental Table S1. As shown in Table 1, the content of total sugars differed
significantly among the different microalgae strains, with specific species of Tetraselmis
exhibiting the highest and the lowest levels, respectively. Indeed, in the DB of Tetraselmis
verrucosa f. rubens PLA1-2 the sugar content reached 40.9%, whereas the respective content
in the DB of Tetraselmis spp. EST1-2 was only 5.5%.
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Table 1. Quantitative determination of total sugars in the dry biomass (DB) of 14 microalgae strains,
α- and β-glucans, and β-glucans to total sugars ratio in selected strains.

Strain
Total Sugars
(g/100 g DB)

Total Glucans
(g/100 g DB)

α-Glucans
(g/100 g DB)

β-Glucans
(g/100 g DB)

β-Glucans (g)
Per 100 g of
Total Sugars

1 Tetraselmis verrucosa f. rubens PLA1-2 40.9 ± 2.6 28.7 ± 2.0 17.7 ± 0.8 11.0 ± 1.0 26.9 ± 0.9
2 T. suecica T3-1 32.6 ± 1.4 20.8 ± 1.1 12.7 ± 0.4 8.1 ± 0.7 24.8 ± 1.1
3 T. verrucosa f. rubens KSI1-3 27.8 ± 0.9 12.6 ± 0.7 8.6 ± 0.2 4.0 ± 0.5 14.4 ± 1.3
4 T. suecica ELO1-1 20.2 ± 1.8 15.5 ± 1.0 12.6 ± 0.6 2.9 ± 0.4 14.4 ± 0.6
5 Tetraselmis spp. Mes5 20.1 ± 1.1 13.6 ± 0.9 12.6 ± 0.7 1.0 ± 0.1 5.0 ± 0.2
6 Dunaliela salina 32 19.8 ± 1.3 - - - -
7 Tetraselmis spp. Mes17 18.5 ± 1.3 - - - -
8 T. suecica ELO1-2 17.8 ± 1.9 - - - -
9 T. verrucosa f. rubens KLE1-3 14.9 ± 0.7 - - - -
10 Nannochloropsis gaditana PLA1-1 12.6 ± 1.9 - - - -
11 D. salina 30 12.5 ± 0.7 - - - -
12 T. verrucosa f. rubens KLE1-4 11.8 ± 0.4 - - - -
13 D. salina 31 6.5 ± 0.8 - - - -
14 Tetraselmis spp. EST1-2 5.5 ± 0.2 - - - -

-: not determined; Data represent mean ± SD of three independent samples.

The species exhibiting a total sugar amount in their DB above 20% (w/w) were further
processed to determine the amounts of total glucans and alpha-glucans (α-glucans) and
these were used to quantify the content of β-glucans, as molecules of increased interest. All
microalgae exhibiting a total sugar content higher than 20% and thus further processed,
belonged to Tetraselmis species. Of these strains, the T. verrucosa f. rubens PLA1-2 had the
higher content of total glucans (28.7%, w/w), α-, and β-glucans (17.7% and 11.0%, w/w,
respectively) in the DB, followed by T. suecica T3-1 (total glucans 20.8%, α-glucans 12.1%,
and β-glucans 8.1%, w/w, in the DB). In general, we observed that the higher the total
sugar content in the DB of microalgae, the higher the content of β-glucans. However, the
ratio of β-glucans to total sugars was not constant ranging from 26.9% (w/w) in the case of
T. verrucosa f. rubens PLA1-2 and 24.8% (w/w) in T. suecica T3-1 to 5.0% (w/w) in Tetraselmis
spp. Mes5.

2.2. The Polysaccharides of the β-Glucan Rich Tetraselmis Strains Are Mainly Composed of
Glucose and Galactose

To further characterize the polysaccharides of the two β-glucan-rich strains of
Tetraselmis (T. verrucosa f. rubens PLA1-2 and T. suecica T3-1), these polysaccharides were
isolated and hydrolysis was performed, followed by High Performance Liquid Chro-
matography (HPLC) analysis to detect and quantify their sugar monomers. To isolate the
polysaccharides from the DB of microalgae, the lipophilic molecules were extracted using
acetone. From the pellet of the defatted microalgal biomass, the water-soluble intracellular,
structural, and bound molecules were extracted in pure water (ddH2O), via the use of
ultrasounds, thermal treatment, and vortexing. The proteins of this extract were denatured
using a chloroform/n-butanol solution (Sigma-Aldrich, St. Luis, MO, USA) and from the
deproteinated aqueous phase, the polysaccharides were precipitated using cold ethanol
(Sigma-Aldrich, St. Luis, MO, USA). After their dissolution in ddH2O (4 mg/mL), the
isolated polysaccharides underwent thermal acidic hydrolysis, the resulting products were
derivatized and subjected to HPLC analysis. Representative HPLC chromatograms from
samples containing the hydrolyzed polysaccharides of the two microalgae strains are de-
picted in Figure 1A,B). The sugar monomers were identified and their relative percentage
are shown in Table 2.

Our results showed that glucose was the most abundant sugar in the polysaccharides
of both microalgal strains, followed by galactose (galactoglucans). The percentage of
glucose in the polysaccharides of T. verrucosa f. rubens PLA1-2 and T. suecica T3-1 reached
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71.9% and 66.4% (w/w), respectively, and the content of galactose was 19.8% and 20.9%
(w/w) in these two cases, respectively. Thus, the glucose (glucans) content of the DB was
approximately 29.4% and 21.6% (w/w), while the galactose (galactans) content was about
8.1% and 6.8% (w/w) for T. verrucosa f. rubens PLA1-2 and T. suecica T3-1, respectively.
In addition to the above sugars, mannose, xylose, rhamnose, and ribose were detected in
low quantities (<4%, w/w). The content of glucose in the above polysaccharides’ extracts
agreed with the high levels of glucans identified in the DB of these microalgae strains (see
Table 1).

(A) 

 
(B) 

Figure 1. HPLC chromatogram of hydrolyzed polysaccharides. (A) HPLC chromatogram of hy-
drolyzed polysaccharides derived from T. verrucosa f. rubens PLA1-2. (B) HPLC chromatogram of
hydrolyzed polysaccharides derived from T. suecica T3-1. Monosaccharides were identified based
on the retention time of the respective standards as follows: mannose—16.5 min, ribose—17.4 min,
rhamnose—20.7 min, glucuronic acid—21.6 min, galacturonic acid—23.3 min, glucose—25.8 min,
galactose—27.8 min, xylose—29.6 min, arabinose—30.5 min, fucose—35.1 min. Based on the retention
time of the sugar standards, the following sugars were identified in the above chromatograms of
the hydrolyzed polysaccharides of the two microalgal strains: glucose, galactose, mannose, xylose,
rhamnose, and ribose.
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Table 2. Results from the HPLC analysis of polysaccharide hydrolysates derived from the selected
microalgae strains: identified sugar monomers, their percentage content (% or mg/100 mg of total
sugars), and molar ratio (mmol/100 mg of total sugars).

Monomers

Strains

T. verrucosa f. rubens PLA1-2 T. suecica T3-1
(%) (mmol/100 mg) (%) (mmol/100 mg)

Glucose 71.9 ± 3.1 0.40 ± 0.02 66.4 ± 1.1 0.37 ± 0.01
Galactose 19.8 ± 1.6 0.11 ± 0.01 20.9 ± 1.3 0.12 ± 0.00

Glucuronic acid 2.7 ± 0.1 0.01 ± 0.00 3.7 ± 0.4 0.02 ± 0.00
Mannose 2.1 ± 0.3 0.01 ± 0.00 3.7 ± 0.6 0.02 ± 0.00

Xylose 1.3 ± 0.2 0.01 ± 0.00 2.9 ± 0.6 0.02 ± 0.00
Ramnose 1.3 ± 0.1 0.01 ± 0.00 1.0 ± 0.0 0.01 ± 0.00

Ribose 0.8 ± 0.2 0.01 ± 0.00 1.4 ± 0.2 0.01 ± 0.00
Arabinose - - - -

Fucose - - - -
Galacturonic acid - - - -

-: not detected; Data represent mean ± SD of three independent samples.

2.3. The Anionic Fraction of Polysaccharides from T. verrucosa f. rubens PLA1-2 Contains a
Significant Amount of Sulfated Polysaccharides and Exhibits Antioxidant Capacity

To concentrate and separate the sulfated polysaccharides from the total polysac-
charides content, the ddH2O-dissolved polysaccharides (4 mg/mL) of the two Tetraselmis
strains were fractionated via ion-exchange chromatography, to retain the negatively charged
molecules. For each sample of ddH2O-dissolved polysaccharides, four eluates were ob-
tained. Eluate E1 was recovered directly after loading the ddH2O-dissolved polysaccharides
onto the ion-exchange column. Next, the eluate E2 was recovered from the column using
pure water (ddH2O) as eluent. Subsequently, the eluates E3 and E4 were obtained after
loading the column with NaCl solutions (Sigma-Aldrich, St. Louis, MO, USA) using grad-
ually increasing the NaCl concentration (0.2 and 1.0 M, respectively). The eluates were
desalted and characterized concerning their total sugar content, their concentration of
sulfates, and their antioxidant capacity expressed as Trolox equivalents. The results are
displayed in Table 3.

Table 3. Total sugars, sulfates, sulfates to total sugars ratio (mmol SO4
− per mg of total sugars), and

antioxidant capacity (Trolox equivalents) of the fractions obtained by ion-exchange chromatography
from the H2O-dissolved polysaccharides of the two Tetraselmis strains.

Strain Eluates
Total Sugars

(mg/mL)
SO4

−
(mg/mL)

SO4
−/

Total Sugars
(mmol/mg)

Antioxidant
Capacity (μM

Trolox Eq.)

T.
ve

rr
uc

os
a

f.
ru

be
ns

PL
A

1-
2 E1 0.68 ± 0.04 - - -

E2 2.06 ± 0.35 - - -
E3 0.66 ± 0.02 - - -

E4 0.66 ± 0.06 0.485
± 0.010

7.65
± 0.93 3.00 ± 0.71

T.
su

ec
ic

a
T3

-1 E1 0.59 ± 0.01 - - -
E2 2.06 ± 0.07 - - -
E3 1.09 ± 0.05 - - -

E4 0.59 ± 0.07 0.014
± 0.004

0.25
± 0.11 -

-: not detected; Data represent mean ± SD of three independent samples.

The highest concentration of total sugars (2.06 mg/mL) was observed in the case of E2

eluates of the fractionated ddH2O-dissolved polysaccharides for both Tetraselmis strains. In
the E1, the solvent was also pure water (ddH2O), thus 0.68 mg/mL and 0.59 mg/mL of
neutral polysaccharide molecules were from T. verrucosa f. rubens PLA1-2 and T. suecica
T3-1, respectively. The weak and strong anionic polysaccharides of E3 and E4 eluates were
determined as 0.66 mg/mL for both eluates, in the case of T. verrucosa f. rubens PLA1-2
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and 1.09 mg/mL and 0.59 mg/mL, respectively, in the case of T. suecica T3-1. The recov-
ered eluates were characterized concerning the presence of sulfates, while their putative
antioxidant capacity was determined by using the Ferric Reducing Antioxidant Power
(FRAP) assay. The eluates E1, E2, and E3 did not contain sulfated polysaccharides, nor
did they exhibit antioxidant capacity. Similarly, the E4 eluate from T. suecica T3-1 had a
low content of sulfated polysaccharides (0.014 mg/mL) and did not exhibit antioxidant
capacity. On the contrary, the E4 eluate of the fractionated ddH2O-dissolved polysaccha-
rides from T. verrucosa f. rubens PLA1-2 contained a remarkable concentration of sulfated
polysaccharides (0.485 mg/mL) and exhibited antioxidant capacity (3.00 μM Trolox). The
presence of sulfated and sugar groups was also confirmed by Fourier transform infrared
(FTIR) spectroscopy (see Supplemental Figure S1). Specifically, the observation of the
full range spectrum (Supplemental Figure S1a) allowed the identification of three strong
peaks at 3390, 1644, and 667 cm−1. These peaks could be assigned to a plethora of bond
vibrations such as the -OH and -NH2 group vibrations for the former peak or the C=O,
C-N, N-H stretching for the peak at 1644 cm−1. However, due to the aqueous nature of the
polysaccharide extracts, these peaks possibly correspond to water bond vibrations and are
more specific to the O-H symmetric and asymmetric stretching and the H-O-H bending for
the observed peaks at 3390 and 1644 cm−1, respectively [27]. The isolation of the region
between 1400 and 900 cm−1 (Supplemental Figure S1b), which is less affected by water
bond vibrations, allowed the identification of peaks at 1338, 1227, 1123, 1080, 1064, and
996 cm−1. The weak peak at 1338 cm−1 could be assigned to the asymmetric stretching
vibration of COO- of carboxylic acid salts, in combination with the respective symmetric
stretching vibration at 1644 cm−1. This peak could also be assigned to some proteinic
residues (Amide III region; C=N stretching, C=O stretching, N-H bending vibration) [28].
The peak at 1227 cm−1 could be associated with the S=O stretching of the sulfated groups
in sulfated polysaccharides [29], while the peaks at 1200–900 cm−1 are mostly related to
polysaccharides and especially the C-O stretching (1123 cm−1), the pyranose ring stretching
(1080 and 1064 cm−1) and the alkene C-H stretching of the ring (996 cm−1) [28].

2.4. Biological Properties of the Strongly Anionic Polysaccharides of the Two Tetraselmis Strains

The E4 eluates (strongly anionic polysaccharides) of both Tetraselmis strains that were
found to contain high and low levels of sulfated polysaccharides in the case of T. verrucosa
f. rubens PLA1-2 and T. suecica T3-1, respectively, were subsequently assessed for effects on
the viability of human cells, and for putative wound healing and antiviral properties.

2.4.1. The Strongly Anionic Polysaccharides from the Two Tetraselmis Strains Do Not
Negatively Influence the Viability of Human Primary Cells

Normal human dermal fibroblasts (NHDF) cells (primary cells) were used to check
for putative effects of E4 eluates derived from T. suecica T3-1 and T. verrucosa f. rubens
PLA1-2 strains, on cell viability. The viability of cells was evaluated using the 3-[4,5-
dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) colorimetric assay. The cells
were incubated with a culture medium containing various concentrations of the E4 eluates
(i.e., 50, 100, 250, and 500 μg/mL) for 24 and 48 h. Control cells were incubated with a
culture medium supplemented with the respective volume of ddH2O. The MTT assay was
performed at the end of the incubation period and the results are presented in Figure 2.

As shown in Figure 2, the viability of the normal human primary cells was not nega-
tively affected by the 48-h incubation of cells with the E4 eluates, even when a concentration
of 500 μg anionic polysaccharides per mL of cell culture medium was used. Actually, in
several cases, the presence of the anionic polysaccharides had a slight positive effect on the
cell viability, compared to the control cells.
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Figure 2. Effect of E4 eluates on cell viability. Relative viability of normal human dermal fibroblasts
(NHDF) when incubated (for 24 h-left panel, for 48 h-right panel) in the presence of various concen-
trations of E4 eluates derived from the microalgae strains T. suecica T3-1 (T3-1) and T. verrucosa f.
rubens PLA1-2 (PLA1-2). The different concentrations of 50, 100, 250, and 500 μg of anionic polysac-
charides/mL of cell culture medium, used are mentioned. Control cells were incubated with culture
medium supplemented with the respective volume of ddH2O (which was equal to the volume added
in the case of the E4 eluates). The viability of the cells at the control assay was set to 100%. Bars
represent mean values from three independent experiments in triplicate. Error bars indicate standard
deviations. * p < 0.05, ** p < 0.01, versus control assay’s results.

2.4.2. The Strongly Anionic Polysaccharides from the T. verrucosa f. rubens PLA1-2 Strain
Exhibit Wound Healing Properties

As cell migration governs the wound healing process to restore the integrity and
function of the injured tissue, an in vitro assay using normal human dermal fibroblasts
(NHDF) cells was performed to simulate the wound healing procedure [30], in order to test
the E4 eluates from T. verrucosa f. rubens PLA1-2 and T. suecica T3-1 for potential wound
healing properties. In brief, NHDF cells seeded in wells were allowed to reach a confluency
of almost 80%. Then, a scratch was made in the layer of cells and the migration of cells to
close the produced gap, in the presence (or not, control cells) of different concentrations
of the strongly anionic polysaccharides of the two Tetraselmis strains, was monitored. The
closure of the gap due to the migration of cells simulated the wound healing procedure.
Two concentrations, 300 μg and 500 μg of the strongly anionic polysaccharides per mL of
cell culture medium were tested. The cells used as control were incubated with a culture
medium supplemented with the respective volume of ddH2O. The results are presented in
Figure 3.

The E4 eluate from T. suecica T3-1 did not affect the wound healing procedure neg-
atively but also did not exhibit any wound healing properties, neither at 300 nor at
500 μg/mL, compared to the control (approximately 20% relative wound density) after
48 h of incubation. A significant positive effect on the simulated wound healing procedure
was observed when the cells were treated with the E4 eluate from T. verrucosa f. rubens
PLA1-2, at both concentrations used. About 58% relative wound density was achieved
when a concentration of 500 μg/mL was applied, while 44% relative wound density was
observed in the case of 300 μg/mL. This positive effect was also dose-dependent, as the
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use of a higher concentration of the E4 eluate from T. verrucosa f. rubens PLA1-2 resulted in
greater wound density.

 
Figure 3. Effect of E4 eluates on wound healing. At t = 0 h a scratch was produced in the layer of
NHDF cells, and the culture medium was changed with new one supplemented, or not (control cells),
with 300 μg or 500 μg of the strongly anionic polysaccharides of a Tetraselmis strain per mL of cell
culture medium, and the migration of cells, to close the scratch-produced gap in the cell layer, was
monitored every 3 h for 48 h. (A) Quantification results of cell migration based on the images of
the gap in the layer of cells, at 3 h-intervals post treatment and up to 48 h. Relative wound density
achieved using E4 extracts from T. verrucosa f. rubens PLA1-2 and T. suecica T3-1 as healing agents.
The relative wound density is the ratio of the cell occupied area to the area of the initial gap (set
at 100%) in the layer of cells. Bars represent mean values from three independent experiments in
triplicate. Error bars indicate standard deviations. (B) Representative images of the gap in the layer
of cells at 0 h and 48 h post treatment. Control cells and cells treated with300 μg, and 500 μg, of the
strongly anionic polysaccharides from T. verrucosa f. rubens PLA1-2. Control cells were incubated
with culture medium supplemented with the respective volume of ddH2O (which was equal to the
volume added in the case of the E4 eluates).
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2.4.3. The Strongly Anionic Polysaccharides from the Two Tetraselmis Strains Exhibit
Antiviral Activity Against the Replication of Hepatitis C Virus (HCV)

In this study, we tested the E4 eluates from T. verrucosa f. rubens PLA1-2 and T. suecica
T3-1 for antiviral properties against the Hepatitis C Virus (HCV). To test the E4 eluates for
potential effects on HCV replication, we used the human hepatoma Huh5-2 cell line that
stably harbors the subgenomic reporter replicon of the HCV genotype 1b (Con1 strain) [31].
The HCV genotype 1 and especially the subtype 1b is the most prevalent group worldwide.
This HCV replicon expresses the reporter protein firefly luciferase (F-Luc) the activity of
which is directly correlated with the replication level of the replicon, and it has been used
extensively for the testing/development of new treatments for HCV [32].

To check for effects on HCV replication by the E4 eluates from T. verrucosa f. rubens
PLA1-2 and T. suecica T3-1, the Huh5-2 cells harboring the HCV reporter replicon, were
treated for 72 h with the indicated concentrations (i.e., 50, 100, and 200 μg of the strongly
anionic polysaccharides per mL of cell culture medium) of these E4 eluates. The cells
used as control were incubated with a culture medium supplemented with the respective
volume of ddH2O. Then, the cells were lysed, and the viral RNA replication-derived firefly
luciferase activity was determined and normalized to the cell’s total protein amount. The
results are presented in Figure 4A,B.

Figure 4. Effect of E4 eluates on HCV replication. Huh5-2 cells stably harboring the subgenomic
reporter replicon of HCV that expresses the firefly luciferase (F-Luc), were treated for 72 h with
different concentrations, 50 μg, 100 μg, or 200 μg of the strongly anionic polysaccharides of a
Tetraselmis strain per mL of cell culture medium. Control cells were incubated with culture medium
supplemented with the respective volume of ddH2O (which was equal to the volume added in the
case of the E4 eluates). (A) Viral RNA replication-derived firefly luciferase activity in the presence
of various concentrations of E4 eluates derived from the microalgae strains T. suecica T3-1 (T3-1)
and T. verrucosa f. rubens PLA1-2 (PLA1-2). The different concentrations of 50, 100, and 200 μg of
anionic polysaccharides per mL of cell culture medium, used are mentioned. The mean value of
the firefly luciferase activity of control cells (expressed as relative light units (RLU)/μg of protein)
was set to 100%. (B) Viability of cells in the presence of the anionic polysaccharides from the
two Tetraselmis strains expressed as total protein levels per well. Bars represent mean values from
three independent experiments in triplicate. Error bars indicate standard deviations. ** p < 0.01,
*** p < 0.001, versus control.

As shown, both microalgal E4 eluates exhibited dose-dependent antiviral activity
against the HCV replicon without affecting the viability of Huh5-2 cells. Specifically, in the
higher concentrations tested (i.e., 100 and 200 μg/mL), the strongly anionic polysaccharides
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from the Tetraselmis strains reduced the HCV replication with the highest inhibition (more
than 40%) observed in the case of 200 μg/mL. The median effective concentration (EC50) of
the strongly anionic polysaccharides of E4 eluates, from T. suecica T3-1 and T. verrucosa f.
rubens PLA1-2 strains, was calculated at 257.3 μg/mL and 210.8 μg/mL, respectively.

3. Discussion

Polysaccharides isolated from microalgae have been shown to exhibit many desirable
properties and have applications in the food industry, medicine, and cosmetology. The
synthesis and composition of polysaccharides depend upon the microalgae strain and the
conditions of cultivation such as nutrient availability, light quality and intensity, salinity,
and temperature. Usually, stress conditions induce the production of polysaccharides but
at the same time compromise the growth of microalgae [33]. Tetraselmis species have been
shown to produce large amounts of bioactive polysaccharides [24]. In the present study,
many Tetraselmis species initially isolated from Greek coastal lagoons, were included to
select the ones that produce high amounts of polysaccharides under standard conditions
of cultivation. To do so, the different microalgae strains were grown under standard
conditions and the microalgae dry biomass (DB) was characterized concerning the total
sugar content and the presence of α- and β-glucans.

Interestingly, a high level of sugars in the DB of Tetraselmis verrucosa f. rubens PLA1-2
was achieved using a cultivation medium (Walne’s solution of adjusted salinity 40‰)
which was not supplemented with carbohydrates. Similar levels of sugars have been
observed for Arthrospira platensis (41.1%), Chlorella vulgaris (47.9%), and Dunaliella salina
(31.7%) species but only when their cultivation medium was supplemented with carbohy-
drates (0.05 g/L) [34]. This stain exhibited also the highest amount of α- and b-glucans
in the DB. α-glucans, produced by microalgae as exopolysaccharides or found as wall
components or as energy storage compounds, have been shown to act as prebiotics and
to exhibit antiproliferative and immunostimulatory properties [35]. β-glucans, found in
microalgae as storage compounds, cell-bounded, or as wall components, can positively
affect human metabolism due to their antioxidant, hypoglycemic, and hypocholesterolemic
properties, while can also modulate the immune responses acting as immunostimulants,
anti-inflammatory and anti-cancer agents [36,37].

Previous studies comparing several microalgae species, with respect to β-glucan
content in the DB, had revealed that Scenedesmus ovalternus 52.80, Porphyridium purpureum
1380-1d, Cylindrotheca fusiformis 1017/2, and Tetraselmis suecica 66/22c strains produced very
high amounts of β-glucans (24.2%, 22.4%, 17.9%, and 16.1%, respectively) under standard
conditions of cultivation, whereas most of the rest microalgae species studied showed a
β-glucan content between 5 and 10% of DB [38]. In the same study, several of the above
β-glucans-rich microalgae strains exhibited also very high levels of total carbohydrates
in their DB, with Porphyridium purpureum 1380-1d reaching 59.2%, while the maximum
content of α-glucans was up to 12% and was observed in the same strain. Based on the
above, in our study, the maximum amounts of α-glucans (17.7%) and β-glucans (11.0%) in
the DB, detected in the case T. verrucosa f. rubens PLA1-2, represented values close to the
typical ones for most microalgae strains.

The composition of the polysaccharides derived from T. suecica T3-1 and T. verrucosa
f. rubens PLA1-2 consisted of a significant proportion of galactose, in addition to glu-
cans. Previous studies involving the microalgae species Chlorella vulgaris, Phaeodactylum
tricornutum, Porphyridium purpureum, Scenedesmus ovalternus, Nannochloropsis salina, and
Dunaliella salina have revealed that the sugars detected in our Tetraselmis strains are often
found in polysaccharide extracts of microalgae, glucose and galactose are usually the most
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abundant sugars detected, and their percentage can vary considerably between microalgal
species [13,39].

Galactan polymers and especially their sulfated forms have attracted scientific interest,
due to their various properties, such as rheological, antimicrobial, antioxidant, anticoag-
ulant, antithrombotic, and anticancer activities. These properties are directly linked to
the structure of the compounds. Typically, galactans are sourced from plants and algae,
particularly macroalgae and specifically Rhodophyta, they have a high molecular weight
(>100 kDa), demonstrating significant biological activity as hydrocolloids and exhibit dis-
tinctive rheological behavior. They are commonly used as stabilizers in various food
products, including dairy, bakery, confectionery, etc. [40,41]. Studies have also demon-
strated that sulfated carrageenans possess immunomodulatory properties and antitumor
activity against Ehrlich-Lettre ascitic carcinoma (EAC) and breast adenocarcinoma [40,42].

Moreover, in our study, the polysaccharides’ extracts of T. verrucosa f. rubens PLA1-
2 and T. suecica T3-1 were fractionated and checked for the presence of sulfates and
for putative antioxidant properties. As in the E1 and E2 eluates, the eluent was pure
water (ddH2O), these fractions were rich in neutral polysaccharides that can not bind
to the positively charged column. The weak and strong anionic polysaccharides were
recovered at the E3 and E4 eluates, respectively. Based on the results, the amount of the
anionic polysaccharides is lower than that of the neutral polysaccharides in both Tetraselmis
strains. All polysaccharides’ eluates were characterized concerning the presence of sulfates
and their putative antioxidant capacity and only the E4 eluate of T. verrucosa f. rubens
PLA1-2 exhibited high content of sulfated polysaccharides and antioxidant activity. The
water-soluble polysaccharides from Tetraselmis spp. strains have been shown to present
significant antioxidant, antifungal, and tyrosinase inhibitory activities [24]. Moreover,
sulfated polysaccharides from microalgae have attracted interest due to their medicinal
properties. Sulfated polysaccharides are found mainly in marine organisms, specifically as
a key component of cell walls and have significant physiological roles, such as helping to
retain moisture protecting the microalgae against drying or acting as a protective barrier
against pathogens [43]. Sulfated polysaccharides encompass a diverse group of anionic
polymers of high pharmaceutical interest. Actually, the sulfated polysaccharides isolated
from T. suecica have been shown to exhibit anti-inflammatory activity against NO and
IL-6 [22], while those from Isochrysis galbana, which is a strain rich in glucans, inhibited the
proliferation of human leukemia cells [23]. Moreover, the sulfated polysaccharides from
the genus Porphyridium spp., have been shown to prevent the accumulation and action of
free radicals (ROS), acting protectively against oxidative stress [20,21].

The recovered E4 eluates of T. verrucosa f. rubens PLA1-2 and T. suecica T3-1 were
evaluated for putative biological properties such as effects on the viability of human
cells, on wound-healing, and on viral replication. Based on our results, there were no
negative effects on the viability of primary or of cancer human cells, by the use of the
anionic polysaccharides-containing fractions of the two Tetraselmis strains, irrespectively
of their content of sulfated polysaccharides. In several studies, high and dose-dependent
cytotoxicity has been observed when cancerous cell lines were treated with polysaccha-
rides’ extracts obtained from microalgae (e.g., Crypthecodinium cohnii, Galdieria sulphuraria,
Isochrysis galbana, Nannochloropsis oculate, Porphyridium cruentum, Dixoniella grisea, Dunaliella
salina, etc.). Therefore, the microalgae-derived polysaccharides’ extracts are considered
natural compounds bearing anti-cancer properties based on their effects on many human
cancer cell lines; indicatively, MCF-7 (breast adenocarcinoma), HeLa (cervical carcinoma),
HCT 116 (colorectal carcinoma), U-937 and HL-60 (leukemia), NCI-H460 (lung carcinoma),
and HepG2 (hepatocellular liver carcinoma) [44–48]. Interestingly, studies involving non-
cancerous cell lines have reported a lack of cytotoxic effects in cells treated with microalgal-
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derived polysaccharides. For example, no effects on cell viability were observed when Vero
cells were treated with Cladophora spp. derived sulfated polysaccharides up to a concentra-
tion of 625 μg per mL of cell culture medium [49]. Moreover, fractions of polysaccharides
from the red microalgae Porphyridium cruentum were shown to exhibit cytotoxic effects
against several cancerous cell lines (colon carcinoma HT-29 cells, breast adenocarcinoma
MCF-7 cells and triple negative mammary adenocarcinoma MDA-MB-231 cells), but did
not reduce the viability of a non-cancerous cell line (mammary epithelial MCF-10A cells),
when the same concentrations of polysaccharides were used to supplement the cells’ culture
medium [50].

The absence of cytotoxic effects of E4 eluates of both Tetraselmis strains on the nor-
mal human dermal fibroblast cells, gave us the opportunity to use an in vitro assay, that
simulates the wound healing procedure by examining the effects on cell migration, to
investigate the putative wound healing properties of these fractions. The results showed
that the E4 eluate from T. suecica T3-1 did not affect the migration of the normal human
dermal fibroblast cells neither positively nor negatively, at any concentration applied. In-
terestingly, as shown in Table 3, the E4 eluate from T. suecica T3-1 had a low content of
sulfated polysaccharides and did not exhibit antioxidant capacity. In contrast, a significant
positive effect was observed when the E4 eluate from T. verrucosa f. rubens PLA1-2 was
used, at both concentrations tested and this effect was also dose-dependent. The E4 eluate
from T. verrucosa f. rubens PLA1-2 was characterized by notable antioxidant capacity and
concentration of sulfated polysaccharides, thus these characteristics seemed to increase the
migration of cells towards the scratched area. In vivo, studies should undoubtedly prove
the efficacy of the specific eluate on wound healing.

Antioxidant, anti-inflammatory, antimicrobial, antiviral, and hygroscopic effects of sul-
fated polysaccharides are considered mandatory in skin regeneration [51,52]. By comparing
the cell-migration effects of E4 eluates from the two microalgae strains, we conclude that the
presence of sulfated polysaccharides bearing antioxidant capacity is crucial for enhancing
the migration of the dermal fibroblast cells to restore the gap in the cell layer. Thus, our
results are in agreement with numerous studies [53] showing the significant role of sulfated
polysaccharides in wound treatment approaches. Indeed, microalgal (especially species
belonging to Chlorophyceae, Eustigmatophyceae, Chlorodendrophyceae, and Porphyridium spp.)
and cyanobacterial biologically active compounds, such as pigments, peptides, fatty acids,
and polysaccharides have been widely used in the production of wound dressings for
skin regeneration applications. Indicatively, extracts from Spirulina spp., Aphanothece spp.,
Chlorella spp., Chlamydomonas spp., Tetraselmis spp., and Porphyridium spp. have been
examined for various potential effects (including biocompatibility, proliferation and mi-
gration of fibroblast cells, antithrombogenicity, antitumor effects against UVB irradiation,
anti-photoaging effect, wound angiogenesis, and collagen deposition increase, IgE, TNF-α,
IL-4, IL-5, INF-γ reduction, antimicrobial effects, etc.) in aqueous, ethanolic, or methanolic
solutions, in simple, synthetic, or hydrogel form [26].

Extracellular polysaccharides isolated from Nostoc spp. PCC7936 strain, when culti-
vated under acetate ions supplementation in the medium were used for hydrogel formation
in the presence of 0.4% (w/v) FeCl3. These biocompatible hydrogels promoted fibroblast
migration and wound healing of scratches in NHDF [54]. Water-soluble extracts derived
from Chlorella vulgaris and Arthrospira platensis, containing polysaccharides and proteins,
and microencapsulated with sericin, presented cytocompatibility and significant human
fibroblast cell migration and complete wound closure, especially when the extract from
A. platensis was used [55]. In another study, Melo et al. [56] used extracts from Chlorella
vulgaris cultivated auto- and mixotrophically. Hydrogels were prepared using Carbopol
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and tested for healing dermal wounds in Swiss albino mice. The hydrogel based on the
extract from the mixotrophic cultivation resulted in an accelerated healing process.

In the current study, the E4 eluates from T. verrucosa f. rubens PLA1-2 and T. suecica T3-1
presented also significant antiviral properties against the Hepatitis C Virus (HCV). HCV has
a positive sense single stranded RNA (+ssRNA) as a genome, and it is a blood-borne virus
that infects the human liver causing acute or chronic hepatitis, which may progress to liver
cirrhosis and hepatocellular carcinoma. According to Word Health Organization (WHO),
about 50 million people are infected by HCV worldwide [57]. The viral RNA-dependent
RNA-polymerase is error prone, thus, the virus circulates in the blood of the patient in the
form of quasispecies making it difficult to develop a vaccine and increasing the likelihood
of failure of the direct-acting antivirals, currently used as antiviral therapy, due to the
emergence of new mutations. Thus, new agents with multi-level modes of action against
HCV are needed.

The putative antiviral activity is probably the most studied property of microalgae-
derived sulfated polysaccharides and these compounds have been shown to act as antiviral
agents against many enveloped and non-enveloped viruses [43,58]. The proposed mecha-
nisms of action of sulfated polysaccharides include possible changes on the surface of the
virion or of the cell, and/or changes on the cell gene expression and metabolism, that could
inhibit the virion attachment/penetration and uncoating, and/or suppress the expression
and replication of the virus genome, respectively. As the E4 eluates from both Tetraselmis
strains reduced the HCV replication, we conclude that this effect is irrespective of the con-
tent of sulfated polysaccharides or the presence of antioxidant capacity in these fractions.
Extracts with a high degree of sulfation present anionic properties and usually act as pro-
tective agents against viruses [33]. Especially, extracellular polysaccharides derived from
strains belonging to Arthrospira spp., Porphyridium spp., Gyrodinium spp., Rhodella spp., and
Cochlodinium spp. have exhibited antiviral activity against viruses indicatively belonging
in Herpesviridae, Poxviridae, Paramyxoviridae, Orthomyxoviridae, Retroviridae, Hepadnaviridae,
etc. [13].

4. Materials and Methods

4.1. Microalgae Strains and Cultivation Conditions

Fourteen microalgae strains previously isolated from Greek coastal lagoons and de-
posited in the AthU-Al (Athens University Algae) strain bank (http://phycotheca.biol.uoa.
gr) of the NKUA (National and Kapodistrian University of Athens, Greece), were used
in this study. These strains included Tetraselmis verrucosa f. rubens PLA1-2, T. verrucosa
f. rubens KSI1-3, T. verrucosa f. rubens KLE1-3, T. verrucosa f. rubens KLE1-4, T. suecica
ELO1-1, T. suecica ELO1-2, T. suecica T3-1, T. spp. Mes5, T. spp. Mes17, T. spp. EST1-2,
Dunaliela salina 30, D. salina 31, D. salina 32, and Nannochloropsis gaditana PLA1-1. The above
microalgae were cultivated for 10 days in rigorously aerated 2-L flasks, using Walne’s
solution of adjusted salinity 40‰ as a growth medium. The cultivated microalgae were
incubated at 21–23 ◦C, air supplied through a pump at a flow rate of 0.5–1 vvm, at ~35%
relative humidity, using a light period of 12 h day/12 h night and a light intensity of
100–150 μmoles × photons × m−2 × s−1 [59]. To obtain the dry biomass (DB), the grown
microalgae were centrifuged at 5000× g for 10 min and the microalgae containing pellet
was freeze-dried at −45 ◦C (VirTis Freezemobile 12SL, The Virtis Company, New York, NY,
USA) to constant weight. Three independent cultivations and harvests were performed for
each microalgae strain.
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4.2. Determination of Total Sugars and β-Glucan Content of Microalgae

The total sugar content of microalgae was determined as described by Ntzouvaras
et al. [59]. Briefly, the microalgae DB was suspended in ultra-pure water (ddH2O), 1 mL of
the resulting suspension was mixed with 6 mL of phenol-sulfuric acid, incubated at 20 ◦C
with continuous vortexing, and then, the absorbance was measured at 490 nm. A standard
curve generated by the absorbance of known amounts of glucose was used to determine
the total sugar content of microalgae as glucose equivalents. The results were expressed as
g of sugars/100 g of microalgae DB (%, w/w).

The determination of β-glucans content (g/100 g DB) was conducted using the
β-glucan enzyme assay kit (K-YBGL) of Megazyme® (Wicklow, Ireland), following the
manufacturer’s instructions. Only microalgae that exhibited a total sugar content above
20% w/w were checked with this assay. The β-glucan enzyme assay determines directly the
total and α-glucans and indirectly the β-glucans, and it has been previously used to quantify
the β-glucans of microalgae [38,60–62]. Briefly, the quantification of total glucans involved
hydrolysis of the microalgae DB in the presence of concentrated sulfuric acid (H2SO4, acidic
hydrolysis), followed by heating at 100 ◦C for 2 h to release the monosaccharides. After
pH adjustment, the remaining glucan fragments were quantitatively hydrolyzed to glu-
cose molecules using a mixture of highly purified exo-1,3-β-glucanase and β-glucosidase
enzymes. Then, the released glucose molecules were incubated with glucose oxidase and
peroxidase in the presence of 4-aminoantipyrine and p-hydroxybenzoic acid, and the ab-
sorbance of the resulting product was measured at 510 nm against the reagent blank, using
a Hitachi U-2000 spectrophotometer (Hitachi Ltd., Tokyo, Japan). Known concentrations of
glucose were treated as above (with glucose oxidase and peroxidase) and the measured
values of absorbance at 510 nm were used to create a standard curve. The total glucan
content (% w/w) of each microalgae sample was estimated based on the following type:

Total glucan content (% w/w) = ΔA × F/W × 90 (1)

where: ΔA = sample reaction absorbance − reagent blank absorbance, F = absorbance value
of the D-glucose 100 μg standard, W = weight of sample analyzed.

For the quantification of α-glucans, the microalgae DB was hydrolyzed in the presence
of concentrated sodium hydroxide (NaOH, alkaline hydrolysis), followed by adjustment of
pH and enzymatic treatment with amyloglucosidase and invertase. The released glucose
molecules were treated and quantified as described above. The α-glucan content (% w/w)
of each microalgae sample was estimated based on the following type: α-glucan (% w/w) =
ΔA × F/W × 9.315

The β-glucan content of each microalgae sample was calculated indirectly as the
difference between total glucan content and α-glucan content. In each process, three
independent DB samples were analyzed per microalgae strain.

4.3. Extraction and Isolation of Crude Polysaccharides from Microalgae

The isolation of crude polysaccharides of microalgae involves several steps: (1) the
removal of lipophilic molecules from the microalgae DB, (2) the disruption of microal-
gae to release the water-soluble intracellular, structural, and bound molecules, (3) the
deproteinization process, and finally, (4) the recovery of extracts containing the crude
polysaccharides.

4.3.1. Extraction of Lipophilic Molecules from the Microalgae DB

Lipophilic molecules (lipids, chlorophyll, and other pigments) are extracted in or-
ganic solvents [63]. Thus, the microalgal DB was suspended in acetone under continuous
vortexing and centrifuged at 5000× g for 10 min at 4 ◦C (Hettich Universal Centrifuge,
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Model 320-R, Merck KGaA, Darmstadt, Germany). The resulting pellet was suspended
in acetone and treated again as above. The procedure was repeated several times until
the complete decolorization of the microalgal biomass. Residual acetone in the defatted
microalgal biomass was removed by evaporation, after drying the biomass at 50 ◦C under
vacuum, using a Flash Evaporator/Rotavapor R-114 system (BÜCHI Labortechnik AG, St.
Gallen, Switzerland), for several rounds of 30 min (until biomass weight stabilization).

4.3.2. Microalgae Cells’ Disruption Process

To facilitate microalgae cell disruption and molecule extraction, the defatted microal-
gal biomass was suspended in ddH2O, and ultrasounds, thermal treatment (incubation
in hot water—100 ◦C), and vortexing techniques were used, according to a slightly mod-
ified protocol based on Kurd and Samavati [64] and Huo et al. [65]. The high-frequency
ultrasounds were produced by an Ultraschallprozessor Hielscher UP200S device (Hielscher
Ultrasonics, Teltow, Germany) (power: 200 W), set at 80% of its power. Ultrasound treat-
ment of each sample lasted 10–15 min with intermediate pauses, while the temperature
remained between 80–100 ◦C, due to the ultrasounds. Then, each sample was centrifuged
at 5000× g for 10 min. The supernatant containing the crude water-soluble fraction was
kept for further treatment, whereas the pellet was treated once again as above to maximize
the extraction of molecules. After centrifugation, the new supernatant was kept and mixed
with the previous one and further processed.

4.3.3. Deproteinization Process of the Crude Water-Soluble Fraction of the Defatted
Microalgal Biomass

The deproteinization procedure was carried out using a 5:1 chloroform/n-butanol
solvent mixture (Sevag method) to insolubilize and remove the proteins from the extract
through centrifugation. Briefly, the method involved the mixing of the crude water-soluble
fraction of the defatted microalgal biomass and the solvent mixture at a 2:1 ratio, followed
by vigorous vortexing and centrifugation at 15,000× g for 10 min at 4 ◦C. This resulted in
the formation of two phases (an aqueous upper phase and an organic lower phase) and an
interface containing the denatured protein precipitate. The interface and the organic phase
were removed, while the aqueous phase was mixed with solvent mixture at a 2:1 ratio,
vortexed, and centrifuged, and the procedure was repeated until the interface was no longer
visible. At least six repetitions were required for the specific extracts, as recommended by
Huo et al. [65].

The removal of proteins was confirmed by using the Bradford assay (with detection
limits of 0.1–1.0 mg/mL) [66]. Specifically, for each deproteinated sample a small volume
(100 μL) was mixed with 5 mL of Bradford reagent 1X (Sigma-Aldrich, St. Louis, MO,
USA), vortexed, incubated for 5 min, and then its absorbance was measured at 595 nm. A
standard curve generated by the absorbance at 595 nm of known amounts of bovine serum
albumin (BSA) protein (Panreac, Barcelona, Spain) was produced and used to quantify
the total protein content of the sample as albumin equivalents (g/L). All samples were
analyzed in triplicates.

4.3.4. Isolation of Crude Polysaccharides Extract from the Deproteinated Samples

To isolate the polysaccharides, the deproteinated sample was mixed with cold absolute
ethanol (96% v/v purity) in a 1:4 ratio. The mixture was vortexed for 1 h, incubated for
24 h at 4 ◦C, and then centrifuged at 15,000× g for 10 min at 4 ◦C, to precipitate the
polysaccharides. The pellet of polysaccharides was dissolved in ddH2O and frozen.
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4.4. Detection and Quantification of Sugar Monomers of the Polysaccharide Extracts

The polysaccharide extracts were further analyzed to detect the quantity of their
respective sugar monomers. For each sample (10.0 mg/mL concentration), 0.5 mL un-
derwent acidic hydrolysis using 1 mL of trifluoroacetic acid (TFA) 4 M, combined with
heat treatment (100 ◦C for 3 h), to release sugar monomers. The resulting hydrolysates
were neutralized using an equal volume of NaOH 4 M. Identification and quantification of
monosaccharides were carried out using a modified protocol based on 1-phenyl-3-methyl-
5-pyrazolone (PMP)-derivatization process adapted from Dai et al. [67] and Ai et al. [68].
Briefly, 0.5 mL of the hydrolyzed sample was mixed with 0.8 mL of 0.5 M PMP and 1.2 mL
of 0.3 M NaOH and heated in a water bath at 70 ◦C for 1 h, to facilitate PMP-derivatives.
The sample then was cooled using a cold-water bath and 1.2 mL of 0.3 M HCl was added
to neutralize the pH and terminate the reaction. To remove excess PMP, 1 mL of chloroform
was added to the mixture, followed by vortexing and centrifugation at 17,000× g for 10 min,
resulting in the formation of two phases. The lower phase (organic) that contained the PMP
was removed. For the complete removal of PMP the above process was repeated 2–3 times
and then, the aqueous phase was subjected to High Performance Liquid Chromatography
(HPLC) using a Waters Alliance 2695 apparatus (Waters Corporation, Milford, MA, USA)
equipped with a RP-HPLC Column SVEA C18 Plus (4.6 mm × 250.0 mm, 5.0 μm) (Thermo
Fisher Scientific, Waltham, MA, USA) and a Waters 2696 PhotoDAD (Diode Array Detector)
(Waters Corporation, Milford, MA, USA) for UV detection at 245 nm. The injection volume
was 20 μL with an eluant flow rate of 0.8 mL/min. Two mobile phases were used, and
gradient elution was performed. Mobile phase A was 100% acetonitrile and phase B was a
mixture of ddH2O and acetonitrile (9:1, v/v) with 0.045% KH2PO4 and 0.05% triethylamine
buffer (pH 7.5), as described by Ai et al. [68]. The identification of the sugar monomers was
based on the retention time of each substance, compared to the retention time of standards
(i.e., arabinose, fucose, galactose, glucose, mannose, rhamnose, ribose, glucuronic acid,
galacturonic acid, and xylose). The peak area ratio of the analyte relative to that of the
respective standard and the concentration of the standard were used to calculate the content
(%, w/w) of each sugar monomer in the polysaccharide extract. Three independent samples
were analyzed per microalgae strain.

4.5. Fractionation of Polysaccharide Extracts and Eluates Characterization

For each polysaccharide extract, fractionation was performed via ion-exchange chro-
matography, using as an anion exchanger the diethylaminoethyl cellulose resin (DEAE
Cellulose 52) (Sigma-Aldrich, St. Louis, MO, USA), to retain the negatively charged
molecules. Chromatography was performed using a 15.0 mm × 100 mm Glass Fritted
Chromatography Column (Bio-Rad, Hercules, CA, USA) with 5 mL of stationary phase.
The resin layer was washed with 20 mL of ddH2O, then 1 mL of the polysaccharide extract
was added to the column, and the eluate was recovered (E1). Then, 1 mL pure water
(ddH2O) was loaded onto the column and the eluate (E2) was obtained. Next, the eluates
E3 and E4 were obtained after loading the column with NaCl solutions using a gradually
increasing NaCl concentration (0.2 and 1.0 M, respectively), to elute the negatively charged
molecules bound to the column. The NaCl was removed from the eluates through filtration
using Amicon Ultra-2 centrifugal filters (with cut-off 3 kDa) (Sigma-Aldrich, St. Louis,
MO, USA), according to the manufacturer’s instructions. The eluates were analyzed to
determine the total sugars as described above (Materials and Methods Section 4.2), and
further characterized concerning the concentration of sulfates and their antioxidant activity
(see below).
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4.5.1. Quantification of Eluates’ Sulfates of the Polysaccharide Extracts

The determination of sulfates (SO4
−, mg/mL) in the eluates derived from the frac-

tionation of the polysaccharide extracts, was carried out based on the protocol developed
by Torres et al. [69]. Briefly, 20 μL of appropriately diluted eluate (detection limits of
sulfates: 0.01–1.22 mg/mL) was mixed with 140 μL of 0.5 M HCl and 40 μL of barium
chloride-gelatin reagent, in a flat-bottom 96-well clear plate (SPL Lifescience, Pocheon,
Republic of Korea). After 30 min of incubation, the absorbance was measured at 405 nm.
Three independent samples were analyzed per microalgae strain. The quantification of
sulfates (mg/mL) was based on a standard curve generated by the absorbance at 405 nm of
known concentrations of SO4

−, derived from Na2SO4 (0.676 mg SO4
− per mg Na2SO4). To

produce the barium chloride-gelatin reagent, 25 mg of gelatin (Sigma-Aldrich, St. Louis,
MO, USA) was mixed with 25 mL of ddH2O and incubated for 10 min under gentle agi-
tation at 80 ◦C. Subsequently, 250 mg of BaCl2 (Sigma-Aldrich, St. Louis, MO, USA) was
added and stirred to homogenize.

4.5.2. Antioxidant Capacity of the Eluates of the Polysaccharide Extracts

The antioxidant capacity of the eluates of the polysaccharide extracts was evaluated
using the Ferric Reducing Antioxidant Power (FRAP) assay, by monitoring the capacity of
the extract to reduce ferric tripyridyl triazine to ferrous triazine, as previously described by
Wang et al. [70], with minor modifications. Briefly, 10 μL of appropriately diluted eluate
(detection limits: 20–200 μM Trolox equivalents, see below) was mixed with 190 μL of FRAP
reagent, vortexed, and incubated at 37 ◦C for 30 min. Absorbance was measured at 593 nm
using a microplate reader (Tecan, Männedorf, Switzerland). A standard curve of the FRAP
assay was generated using known amounts of the 6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid (Trolox) (Sigma-Aldrich, St. Louis, MO, USA) and used to quantify the total
antioxidant capacity of the eluates as Trolox equivalents (μM). Three independent samples
were analyzed per microalgae strain.

4.5.3. Attenuated Total Reflection—Fourier Transform Infrared (ATR-FTIR) Analysis

The ATR-FTIR spectra of the T. verrucosa f. rubens PLA1-2 polysaccharide extract (E4
eluate) were obtained by a Perkin Elmer Spectrum-Two spectrometer equipped with a
Diamond ATR compartment (Perkin Elmer, Hopkinton, MA, USA) using the Spectrum
10 software (v.10.5.1.581) provided by the manufacturer. The recorded spectrum was
an average of 64 scans in the mid-infrared region (4000 and 400 cm−1) at a resolution
of 4 cm−1. The recorded spectrum was then ATR-corrected using a refractive index of
1.5 for diamond, to be comparable to the available spectral libraries for facilitating the
interpretation of spectra, linear baseline was corrected and then normalized by the mean
using The Unscrambler X v.10.5 software (CAMO software, Oslo, Norway).

4.6. Biological Properties of the Eluates of the Polysaccharide Extracts

Selected eluates (E1-4) of the polysaccharide extracts were subsequently assessed
for effects on the viability of human cells and for putative antiviral and wound healing
properties. To do so the polysaccharide extract eluates were freeze-dried and then a specific
amount was dissolved in ddH2O.

4.6.1. Effects on the Viability of Human Cells

Putative effects of the polysaccharide extract eluates on human cell viability were
assessed in vitro using normal human dermal fibroblasts (NHDF-Ad—Human Dermal
Fibroblasts, Adult) (Lonza Group, Brussels, Switzerland) cells (primary cells), whereas the
cell viability was evaluated with the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium
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bromide (MTT) assay. This assay is based on the conversion of the yellow MTT into purple
formazan crystals, by the mitochondrial activity of the living cells. Formazan crystals
are dissolved in DMSO and the absorbance at 560 nm of the resulting solution is used to
estimate the viability of cells.

Prior to the assay, NHDF cells were routinely cultivated in a Fibroblast Growth
Medium-2 (FGM-2 Bulletkit, Lonza Group, Brussels, Switzerland) at 37 ◦C and 5% CO2

and subcultured with ReagentPack™ Subculture kit (Lonza Group, Brussels, Switzerland),
following the instructions of the manufacturer. To check for effects of a polysaccharide
extract eluate on cell viability, NHDF cells were seeded in 96-wells sterile culture plates
(Nunc™, Thermo Fisher Scientific, Rockford, IL, USA) (10,000 cells/well) and cultivated
in fibroblast growth media-2 (FGM-2 medium; Lonza, Walkersville, MD, USA) for 24 h.
Then, the culture medium was replaced with a new one containing different amounts of the
polysaccharide extract eluate (concentrations used: 50–500 μg/mL) or the equal volume
of ddH2O (control), and the cells were further incubated for 24 and 48 h. Subsequently,
20 μL of MTT (Sigma-Aldrich, St. Louis, MO, USA) (5 mg/mL) was added to each well, the
cells were incubated for 2 h, then 200 μL dimethylsulfoxide (DMSO; Panreac, Barcelona,
Spain) was added, to dissolve the formed purple formazan crystals, and the absorbance
was measured at 560 nm. Background control wells contained only the culture medium
and MTT reagent, without cells, to account for any non-specific absorbance and ensure
accurate measurement of cell viability. All samples were analyzed in quadruplicate and the
cell viability was calculated according to the following equation:

Cell Viability due to tested sample (%) = (Absorbance of the test at 560 nm)/(Absorbance of the control at 560 nm) ×100)

4.6.2. Wound Healing Effects

For the assessment of the putative wound healing properties of the polysaccharide
extract eluates, approximately 20,000 NHDF cells per well were seeded in the Incucyte®

Imagelock 96-Well Plate (Essen BioScience, Sartorius, Royston, UK) and incubated for
24 h. Then, standardized wounds were created using Wound Maker™ (Essen BioScience,
Sartorius, Royston, UK). The culture medium was carefully removed, the cells were washed
with PBS 1X and a new culture medium that contained a lower amount of fetal calf serum
(FCS) (1%) to reduce cell proliferation, and was supplemented with a polysaccharide extract
eluate, was added. Two different concentrations (300 and 500 μg/mL) of polysaccharide
extract eluates were used, whereas the cells used as controls in the respective new cul-
ture medium were supplemented with an equal volume of ddH2O. Then, the cells were
incubated at 37 ◦C, 5% (v/v) CO2 in a humidified incubator connected with IncuCyte S3
apparatus (Essen BioScience, Sartorius, Royston, UK) to monitor cell migration (magni-
fication ×10, photo shooting every three hours for 48 h). After this period, the results of
each time point were collected and analyzed, and the relative healing of the wound was
determined using the Incucyte® ZOOM™ software (v2009B) (Essen BioScience, Sartorius,
Royston, UK).

4.6.3. Antiviral Activity Properties

The putative antiviral activity of the polysaccharide extract eluates was examined in
the human hepatoma Huh5-2 cell line stably harboring the subgenomic reporter replicon
of the Hepatitis C virus (HCV) genotype 1b (Con1 strain) [31]. This HCV subgenomic
reporter replicon autonomously replicates in the Huh5-2 cells and expresses a selectable
marker (the neo gene), which encodes the enzyme aminoglycoside 3′-phosphotransferase
conferring resistance to geneticin (G418), and the reporter protein firefly luciferase (F-Luc).
The level of F-Luc activity directly correlates with the level of the replication of this HCV
replicon [31]. The Huh5-2 cells harboring the HCV reporter replicon were routinely cultured
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using high glucose (25 mM) Dulbecco’s modified minimal essential medium (Thermo
Fisher Scientific, Waltham, MA, USA), supplemented with 0.1 mM non-essential amino
acids, 2 mM L-glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin, 10% (v/v) heat
inactivated FCS, and 500 μg/mL geneticin (G418) [71] and incubated at 37 ◦C, 5% (v/v)
CO2 in a humidified incubator.

To check for the effects of a polysaccharide extract eluate on the replication of the
HCV, the cells were seeded in 96-wells plates. At 24 h the culture medium was replaced
with a new one which did not contain geneticin but contained different amounts of the
polysaccharide extract eluate (concentrations used: 50, 100, or 200 μg/mL) or the equal
volume of ddH2O (control). The cells were further incubated for 72 h and then, the cells
were washed twice with phosphate buffered saline (PBS) 1X and lysed in 40 μL of Luciferase
Cell Culture Lysis Reagent 1X (Promega Corporation, Madison, WI, USA). F-Luc activity
was determined in cell lysates, using the Luciferase Assay system (Promega Corporation,
Madison, WI, USA) according to the manufacturer’s instructions. Briefly, 4 μL of the cell
lysate was mixed with 30 μL of Luciferase Assay Reagent, vortexed immediately and the
produced bioluminescence was measured using a GloMax 20/20 single tube luminometer
(Promega Corporation, Madison, WI, USA) for 10 s. Luciferase activity was normalized
to the total protein amount quantified with the Bradford assay and expressed as relative
light units per μg of protein (RLU/μg). The median effective concentration (EC50) of the
polysaccharide extract eluate, refers to the concentration that reduces the F-Luc signal by
50% compared to the control and it was determined by nonlinear regression analysis using
the Prism 6.0 software (GraphPad Software Inc., La Jolla, CA, USA).

5. Conclusions

Microalgae have been demonstrated to be valuable sources of molecules, including
bioactive polysaccharides. The microalgae strains studied here exhibited heterogeneity
regarding the total sugar content. Among them, T. suecica T3-1 and T. verrucosa f. rubens
PLA1-2 contained significant amounts of β-glucans, followed by galactans. The anionic
eluates of both microalgae showed no cytotoxicity in normal (NHDF) and cancer (Huh5-2)
cells even in high concentrations but displayed significant antiviral activity against the
Hepatitis C virus replicon. The anionic eluate of T. verrucosa f. rubens PLA1-2 contained
notable sulfates, presented antioxidant capacity, and was found to increase the migration
of the NHDF cells in a wound healing simulating assay, thus it could be potentially utilized
as a wound healing agent in skin regeneration.
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//www.mdpi.com/article/10.3390/md23020077/s1, Table S1: Growth parameters of the various
microalgae strains used in the present study. Starting cell density (CDs), final cell density (CDf),
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of cultivation of microalgae on using Walne’s culture medium under specific conditions.; Figure S1:
ATR-FTIR spectrum of the Tetraselmis verrucosa f. rubens PLA1-2 extracts at (a) 4000–400 cm−1 and
(b) 1400–900 cm−1. The peaks of interest are marked.
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Abstract: A biorefinery process was developed to isolate phycobiliproteins, sulfated polysaccharides,
and phenolic compounds from Palmaria palmata. The extraction process was carried out in three stages
using ultrasound-assisted extraction (UAE) and pressurized liquid extraction (PLE) integrated with
different natural deep eutectic solvents (NaDESs). In general, PLE provided higher phycobiliprotein
contents than UAE in the first step of the process. In fact, the hydrolysis product of the PLE-NaDES
extracts achieved a higher antioxidant capacity than that of the UAE-NaDES extracts. Particularly,
glycerol:glucose (2:1) with 50% water in combination with PLE was the most suitable NaDES to
recover the highest phycobiliprotein, protein, and sulfated polysaccharide contents from Palmaria
palmata in the first and second steps of the biorefinery process. Finally, a PLE-NaDES using choline
chloride:glycerol (1:2) with 60% water as the NaDES was employed for the recovery of antioxidant
and neuroprotective phenolic compounds from the residue of the second step, obtaining a higher
total phenolic content than employing PLE with ethanol/water (70:30, v/v) as the extraction solvent.
Moreover, a forced stability study revealed that the NaDESs provided a protective effect compared to
the water extracts against the degradation of phycobiliproteins, preserving their color over time. This
study contributes to the recovery of high-value components from an undervalued biomarine source
through a sustainable biorefinery process.

Keywords: biorefinery; phycobiliproteins; sulfated polysaccharides; proteins; phenolic com-
pounds; Palmaria palmata; natural deep eutectic solvents; ultrasound-assisted extraction; pressur-
ized liquid extraction

1. Introduction

Currently, the Food and Drug Administration (FDA) as well as the European Food
Safety Authority (EFSA) are introducing regulations to limit the use of synthetic colors in
foods due to health concerns, such as quinoline yellow colorant, which induces toxicity by
protein aggregation [1]. Red macroalgae have recently attracted significant attention in the
exploration of natural colorants with bioactive properties for their inclusion as innovative
additives for pharmaceutical and food products [2,3].

P. palmata is a red macroalga that grows from the middle of the intertidal zone (the
region between high and low tide), in both sheltered and exposed coastal areas [4]. The
current availability of P. palmata depends on harvesting wild populations, but it is difficult
to meet growing demand [5]. Currently, P. palmata aquaculture is largely small-scale, lacks
significant mechanization, and is primarily carried out during spring and summer, when
the plants are more easily harvested by hand [6]. Thus, different researchers have focused
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their efforts on the development of the vegetative propagation and cultivation processes
of P. palmata to enhance its use in commercial-scale operations [6,7]. However, the current
cultivation of this alga has been scarcely exploited as a source of natural pigments and
phenolic compounds despite its interesting content [2,8]. Particularly, the major constituents
of P. palmata are pigment proteins called phycobiliproteins.

Phycobiliproteins are light-harvesting pigment proteins with high levels of solubil-
ity that are found intracellularly in red algae [9]. These proteins consist of apoproteins
and chromophores linked by thioether bonds, which exhibit different color properties
due to the presence of four different chromophores in their structure. According to
their structure and absorption spectra, phycobiliproteins are divided into phycoerythrin
(490–570 nm), phycocyanin (610–625 nm), phycoerythrocyanin (560–600 nm), and allo-
phycocyanin (650–660 nm) [10,11]. Frequently, they are obtained from red algae such as
P. palmata to be included in food as colorants and functional ingredients [9,11]. In fact,
phycobiliprotein hydrolysates from P. palmata have shown interesting anti-inflammatory
and antihypertensive capacities [12–14]. However, the bioactivity of these compounds
obtained from P. palmata has scarcely been studied.

These compounds are usually recovered from algae employing conventional extrac-
tion, such as maceration, with water as the solvent; however, this approach has several
limitations [10]. Phycobiliproteins are found intracellularly, and their extraction implies
the rupture of the rigid cell wall of red macroalgae to break the polysaccharide barrier,
releasing phycobiliproteins as well as valuable proteins and sulfated polysaccharides to
the extraction solvents [15–17]. In this sense, conventional extractions with water are
often inefficient, and more aggressive extraction treatments are necessary to break down
the cell wall. For that, freeze grinding or maceration with liquid nitrogen, freezing, and
thawing processes are employed to break down the algae cell wall, improving the recovery
of phycobiliproteins [10,17,18]. Nevertheless, these treatments require the use of costly
specific instruments as well as large extraction times, implying that phycobiliproteins are
exposed to light and oxygen for long times, increasing their susceptibility to degrada-
tion [10,19]. For this reason, advanced extraction techniques such as enzymatic-assisted
extraction (EAE), ultrasound-assisted extraction (UAE), or pressurized liquid extraction
(PLE) have been proposed by several authors as more intense, selective extraction tech-
niques that require lower extraction times and temperatures compared with conventional
extractions [18,20–22]. Particularly, considering the composition of the cell wall of the algae,
specific enzymes can be selected to break it down and release target compounds by EAE;
however, this type of extraction technique requires the precise control of pH, temperature,
and substrate concentration. Moreover, the use of specific enzymes makes the process more
expensive [2]. On the other hand, the use of ultrasonic waves in UAE and the high pressure
employed in PLE have demonstrated the breakdown of the biomass of different algae,
favoring the release of phycobiliproteins [17,23,24]. In fact, Gallego et al. [24] developed a
biorefinery process to obtain phycobiliproteins, proteins, and sulfated polysaccharides from
Porphyridium cruentum biomass by PLE using water as an extraction solvent. In addition,
the biorefinery process developed by Gallego et al. [24] revealed the importance of the use
of a biorefinery process to extract and fractionate valuable compounds from algae for their
integration into sustainable biomass production procedures.

Advanced extraction techniques such as UAE and PLE have been employed with
water as the extraction solvent for the recovery of phycobiliproteins, proteins, and sulfated
polysaccharides [23,24]. Phycobiliproteins are hydrosoluble molecules, and this makes
water an ideal solvent for releasing these proteins from the algae cells. Nevertheless, solvent
selection is not only a crucial parameter for achieving a high extraction efficiency but it
also impacts the stability of target compounds after extraction. In this sense, water has not
demonstrated a protective effect on the degradation of bioactive compounds from different
matrices [25], and considering that the phycobiliproteins’ color is unstable to heat and light,
the selection of solvents with preservative effects could be an interesting approach [19]. In
particular, sustainable, biodegradable, non-toxic, and economic solvents with preservative
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effects on the degradation of bioactive compounds have emerged in the past few years:
natural deep eutectic solvents (NaDESs) [25,26].

NaDESs are mixtures of natural components, such as sugars, amino acids, or organic
acids, among others, which have demonstrated a significant potential for the extraction
process due to the strong hydrogen bonds formed between the solvent components and
the extracted compounds [26]. These interactions provide higher extraction yields of
bioactive compounds compared to the use of conventional solvents such as water as
well as a protective effect against their degradation [27]. Moreover, NaDESs possess a
higher viscosity than water; this reduces the mobility of target compounds within the
solution, limiting their exposure to oxygen and consequently the oxidative reactions [28].
Even though these solvents have been widely employed for the recovery of bioactive
compounds (such as phenolics) from several food matrices using maceration or combined
with advanced extraction techniques, such as UAE and PLE [29], studies about the recovery
of bioactive compounds from algae are very limited [30,31]. In fact, there are no studies
about the recovery of phycobiliproteins, proteins, sulfated polysaccharides, and phenolic
compounds from P. palmata by NaDESs combined with advanced extraction techniques.

Thus, this study proposes, for the first time, the development of a biorefinery process
for the recovery of phycobiliproteins, proteins, sulfated polysaccharides, and phenolic
compounds from P. palmata based on the combination of UAE and PLE with NaDESs.
In the first and second steps of the biorefinery process, different NaDESs were tested to
maximize the extraction of phycobiliproteins, proteins, and sulfated polysaccharides with
antioxidant capacity in combination with UAE and PLE. Finally, in the third step, phenolic
compounds were obtained employing PLE-NaDESs with choline chloride:glycerol (1:2)
as the NaDES. The extraction efficiency of the NaDES was evaluated by comparison with
water extracts, together with its preservative effect on the degradation of phycobiliproteins
during a forced stability study.

2. Results

To develop a biorefinery approach for extracting valuable compounds from P. palmata
biomass, a sequential downstream process was established according to Figure 1. For
that, the characteristics of the target compounds, the use of environmentally friendly
solvents, and the need for a rapid and efficient extraction method were investigated. Based
on these considerations, experiments were conducted to identify the optimal advanced
extraction technique for maximizing thermolabile phycobiliproteins’ recovery (step 1)
followed by maximizing the recovery of residual non-thermolabile phycobiliproteins along
with proteins and sulfated polysaccharides (step 2), and finally, phenolic compounds
(step 3).

 

Figure 1. Workflow followed for the valorization of Palmaria palmata biomass through a biorefinery
process using UAE and PLE combined with NaDES.
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2.1. Optimization of Biorefinery Process
2.1.1. UAE-NaDES and PLE-NaDES Extraction of Bioactive Phycobiliproteins, Proteins,
and Sulfated Polysaccharides from P. palmata (Step 1)

One of the most important physicochemical parameters that determine the extraction
efficiency is the solvent viscosity, which is widely modified by the addition of water. For
this reason, different NaDESs were synthesized with two different water percentages (25%
and 50%), considering that hydrogen bonds of NaDESs are able to stay stable up to this
percentage [32].

NaDES viscosity was measured at 25 ◦C and 40 ◦C (see Table S1), observing that
when the temperature and the percentage of water in the NaDES increased, the NaDES
viscosity decreased. However, different authors have reported that the optimal extraction
conditions for the recovery of thermolabile phycobiliproteins such as phycoerythrin are
25 ◦C using water for the extraction [24,33]. For this reason, step 1 of the biorefinery process
was focused on the extraction of phycobiliproteins at low temperatures, avoiding their
degradation.

UAE-NaDES and PLE-NaDES extractions were compared in terms of phycobiliprotein
contents; however, due to the chemical composition of P. palmata [5,34], other compounds
such as proteins and sulfated polysaccharides can be co-extracted. Thus, these compounds
were also analyzed.

In particular, Gly:Glu:Bet and Gly:Glu:Pro NaDESs with 25% water could not be
implemented in step 1 of the biorefinery process using PLE by obstruction problems.

As can be observed in Table 1, the use of higher percentages of water in NaDESs
increased the recovery of phycobiliproteins for both extraction techniques, except for the
recovery of APC by UAE, in which 25% water in the NaDES allowed us to obtain higher
APC contents than using 50% water. Particularly, the PLE-NaDES using Gly:Glu with 50%
water as the NaDES was the best extraction technique for the recovery of phycobiliproteins
from P. palmata compared to the UAE-NaDESs. Moreover, the efficiency of the NaDES
as a solvent extraction to obtain phycobiliproteins was confirmed by comparisons with
UAE-water and PLE-water extractions. As can be seen in Table 1, the use of water as an
extraction solvent provided lower phycobiliprotein values than using the Gly:Glu NaDES.
Nevertheless, the UAE-NaDES achieved the highest protein and sulfated polysaccharide
contents compared to the PLE extractions, except for the PLE-water extraction.

Table 1. Total phycobiliprotein contents (μg/mg sample, R-phycocyanin, allophycocyanin, and
B-phycoerythrin), total protein content (μg/mg sample), and total sulfated polysaccharide contents
(μg/mg sample) from extracts obtained by UAE-NaDES and PLE-NaDES at 25 ◦C during step 1.

STEP 1
R-Phycocyanin (R-PC) (μg/mg

Sample)
Allophycocyanin (APC) (μg/mg

Sample)
B-Phycoerythrin (B-PE) (μg/mg

Sample)
Total Protein Content (μg/mg

Sample)
Total Sulfated Polysaccharide

Content (μg/mg Sample)

Solvents UAE PLE UAE PLE UAE PLE UAE PLE UAE PLE

Gly:Glu, 50%
H2O 11 ± 2 Aa 12.4 ± 0.7 Ab 14 ± 2 ABb 18 ± 2 Aa 17 ± 2 Aa 18 ± 1 Aa 173 ± 15 Aa 126 ± 5 Cb 54.3 ± 0.8 Aa 50 ± 2 Bb

Gly:Glu:Bet,
50% H2O 10.7 ± 0.6 Aa 10.5 ± 0.1 Ba 13 ± 2 Bb 15.4 ± 0.9 ABa 15.6 ± 0.9 ABa 15.3 ± 0.5 ABa 158 ± 9 Aa 85 ± 9 Db 53.4 ± 0.3 Aa 44 ± 2 Cb

Gly:Glu:Pro,
50% H2O 10.5 ± 0.4 ABa 10.7 ± 0.5 Ba 16 ± 2 ABa 13 ± 1 Bb 15.8 ± 0.4 ABa 15.6 ± 0.6 ABa 164 ± 6 Aa 145 ± 14 Bb 44 ± 2 Bb 50 ± 2 Ba

Gly:Glu, 25%
H2O 8 ± 1 BCa 8.9 ± 0.6 Ca 17 ± 2 Ba 9 ± 2 Cb 13 ± 2 CDa 12.8 ± 1.0 Ba 94 ± 13 Bb 131 ± 15 Ca 37 ± 5 Ca 30 ± 2 Db

Gly:Glu:Bet,
25% H2O 6.8 ± 0.4 C - 14 ± 2 AB - 10.5 ± 0.9 D - 18 ± 1 D - 32 ± 4 C -

Gly:Glu:Pro,
25% H2O 8.6 ± 0.2 ABC - 17 ± 1 A - 14.1 ± 0.1 BC - 59 ± 8 C - 37 ± 4 C -

H2O 9.7 ± 0.4 ABa 10.7 ± 0.5 Bb 13.8 ± 0.6 ABa 13 ± 1 Ba 16.5 ± 0.2 ABa 15.6 ± 0.6 ABa 152 ± 7 Ab 189 ± 7 Aa 38.4 ± 0.2 BCa 61.7 ± 0.7 Ab

A,B,C,D Letters indicate statistically significant differences in the same column (p ≤ 0.05). a,b Letters indicate
statistically significant differences between extraction techniques (p ≤ 0.05).
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In agreement with the phycobiliprotein extraction, the NaDES composed of Gly:Glu
with 50% water allowed us to obtain the highest total protein and sulfated polysaccharide
contents by UAE, but without statistically significant differences with the UAE-water
extraction in terms of protein content. Lower protein and sulfated polysaccharide contents
were achieved by PLE than by UAE, with the PLE-water extracts having higher contents
than the PLE-NaDES extracts. Probably, an increase in the extraction temperature could
improve the recovery of proteins and sulfated polysaccharides by PLE.

On the other hand, considering that the NaDES with 50% water provided extracts
containing high phycobiliprotein, protein, and sulfated polysaccharide contents, these
extracts were hydrolyzed with trypsin in order to investigate their antioxidant capacity.
To determine the optimum hydrolysis time with trypsin, the antioxidant capacity of the
hydrolysates was evaluated after hydrolysis at different incubation times (1, 3, 5, and 6 h)
(Table S2). As a result, a hydrolysis time of 1 h was established since there was not a
significant increase in the antioxidant capacity after this incubation time. Therefore, the
antioxidant capacity of all extracts was evaluated by TEAC and ORAC assays after 1 h of
hydrolysis with trypsin.

Table 2 shows that the antioxidant capacity of the extracts increased after the hy-
drolysis treatments. Particularly, the PLE-NaDES hydrolysates exhibited higher antioxi-
dant capacity than the UAE-NaDES hydrolysates, highlighting those obtained with the
Gly:Glu:Bet (4:1:1) NaDES with 50% water. However, the PLE-water hydrolysates pre-
sented the highest antioxidant capacity determined by the ORAC assay compared to the
PLE-NaDES hydrolysates.

Table 2. Antioxidant capacity of UAE-NaDES, UAE-water, PLE-NaDES, and PLE-water extracts and
their respective hydrolysates determined by TEAC (μmol trolox/g sample) and ORAC (IC50, μg/mL
sample) assays.

TEAC (μmol trolox/g Sample) ORAC (IC50 μg/mL Sample)

Extracts Hydrolysate Extracts Hydrolysate

Solvents UAE PLE UAE PLE UAE PLE UAE PLE

Gly:Glu,
50% H2O 14.81 ± 0.02 Bb 25.64 ± 0.04 Ba 20.90 ± 0.01 Bb 35.60 ± 0.02 Ca 107 ± 7 Ba 111 ± 9 Bb 29 ± 2 Bb 27.8 ± 0.8 Ba

Gly:Glu:Bet, 50%
H2O 14.39 ± 0.03 Bb 25.32 ± 0.03 Ba 19.30 ± 0.01 Cb 46 ± 1 Aa 111 ± 4 Ca 112 ± 8 Ca 32 ± 2 Cb 28 ± 3 Ba

Gly:Glu:Pro, 50%
H2O 13.28 ± 0.07 Cb 13 ± 0.02 Ca 18.10 ± 0.02 Db 40.17 ± 0.02 Ba 116 ± 5 Da 116 ± 3 Da 31 ± 1 Cb 28 ± 1 Ba

H2O 15.74 ± 0.05 Ab 27.48 ± 0.03 Aa 22.30 ± 0.01 Ab 42.05 ± 0.02 Ba 101 ± 11 Ab 94 ± 3 Aa 22 ± 2 Ab 15.4 ± 0.2 Aa

A,B,C,D Letters indicate statistically significant differences in the same column (p ≤ 0.05). a,b Letters indicate
statistically significant differences between extraction techniques (p ≤ 0.05).

2.1.2. PLE-NaDES Extraction of Phycobiliproteins, Proteins, and Sulfated Polysaccharides
(Step 2)

Considering the potential protein and sulfated polysaccharide contents of P. palmata,
their extraction along with the remaining non-thermolabile phycobiliproteins from the
residual biomass of step 1 was considered to obtain high value-added products. For that,
the residual biomass from the application of step 1 (the PLE-NaDES composed of Gly:Glu
with 50% water) was studied for step 2.

Step 2 was applied considering six different NaDESs at two different PLE extraction
temperatures (25 ◦C and 40 ◦C), but excluding the NaDESs composed of Gly:Glu:Bet and
Gly:Glu:Pro with 25% water, as previously mentioned. The PLE-NaDES extracts were
compared with the PLE-water extracts obtained under the same extraction conditions.

Table 3 shows that the extracts exhibited higher phycobiliprotein contents than in
step 1 (see Table 1). These results indicated that phycobiliproteins remain retained in the
residual biomass of step 1, and additional steps are required to completely exploit the
biomass. As can be seen in Table 3, similar phycobiliprotein results were obtained using
PLE at 25 ◦C and 40 ◦C with NaDESs and water solvents, except when Gly:Glu with 50%
water was used, which provided the extracts with the highest phycobiliprotein contents
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when an extraction temperature of 40 ◦C was applied. The Gly:Glu NaDES with 50% water
was the only one that improved the extraction of phycobiliproteins, showing a protective
effect against the degradation of these compounds when an extraction temperature of 40 ◦C
was used compared with the rest of the NaDESs. In fact, the extracts obtained at 40 ◦C with
the other NaDESs and with water showed similar values or even lower values than those
obtained at 25 ◦C. In addition, even though the PLE-water extracts presented higher total
protein and sulfated polysaccharide contents than the PLE-NaDES extracts, the PLE-water
extracts showed lower phycobiliprotein contents.

Table 3. Total phycobiliprotein contents (μg/mg sample, R-phycocyanin, allophycocyanin, and
B-phycoerythrin), total protein content (μg/mg sample), and total sulfated polysaccharide contents
(μg/mg sample) from extracts obtained by PLE-NaDES at 25 ◦C and 40 ◦C during step 2.

STEP-2
R-Phycocyanin (R-PC)

(μg/mg Sample)
Allophycocyanin (APC)

(μg/mg Sample)
B-Phycoerythrin (B-PE)

(μg/mg Sample)
Total Protein Content

(μg/mg Sample)

Total Sulfated
Polysaccharide Content

(μg/mg Sample)

Solvents 25 ◦C 40 ◦C 25 ◦C 40 ◦C 25 ◦C 40 ◦C 25 ◦C 40 ◦C 25 ◦C 40 ◦C

Gly:Glu,
50% H2O 20 ± 1 ABb 28 ± 2 Aa 36 ± 2 Ab 52 ± 8 Aa 29 ± 1 ABb 43 ± 4 Aa 218 ± 8 Db 268 ± 14 Da 123 ± 2 Cb 131 ± 3 Ba

Gly:Glu:Bet,
50% H2O

20.1 ± 0.7
ABa 20 ± 3 BCa 35.4 ± 0.6

Aa 35 ± 4 Ba 29 ± 1 ABb 30 ± 4 Ba 181 ± 10 Ea 176 ± 3 Ea 119 ± 3 Db 124 ± 3 Ca

Gly:Glu:Pro,
50% H2O 22 ± 2 Aa 20.9 ± 0.4

Bb 28 ± 3 Ba 25.3 ± 0.9
Cb 32 ± 3 Aa 30.4 ± 0.5

Bb 357 ± 5 Ba 330 ± 7 Cb 129.9 ± 0.4
Ba 131 ± 5 Ba

Gly:Glu,
25% H2O

18.1 ± 0.4
Ba

17.1 ± 0.4
Cb

18.0 ± 0.9
Ca

15.6 ± 0.9
Db

26.1 ± 0.5
Ba

24.5 ± 0.5
Cb 292 ± 7 Cb 387 ± 3 Ba 89 ± 4 Eb 100 ± 1 Da

H2O 22 ± 2 Aa 20.9 ± 0.4
Bb 28 ± 3 Ba 25.3 ± 0.9

Cb 32 ± 3 Aa 30.4 ± 0.5
Bb 431 ± 5 Aa 410 ± 2 Ab 146.0 ± 0.7

Aa
141.9 ± 0.4

Aa

A,B,C,D Letters indicate statistically significant differences in the same column (p ≤ 0.05). a,b Letters indicate
statistically significant differences between extraction temperatures (p ≤ 0.05).

Considering these results, the PLE-NaDES extraction using Gly:Glu with 50% water
at 40 ◦C was selected as the best to obtain the richest extracts in phycobiliproteins with
significant amounts of proteins and sulfated polysaccharides.

2.1.3. PLE-NaDES Extraction of Bioactive Phenolic Compounds (Step 3)

The third and last step of the biorefinery process focused on the recovery of bioac-
tive phenolic compounds from the residual biomass of step 2. For that, the PLE-NaDES
extraction with ChCl:Gly (1:2) with 60% water as the extraction solvent at 150 ◦C for 25 min
was applied for the recovery of phenolic compounds according to Domínguez-Rodríguez
et al.’s [35] method for the recovery of antioxidant and anticholinergic phenolic compounds
from food matrices. In addition, the same PLE extraction conditions were employed, but
ethanol/water (70:30, v/v) was used as the extraction solvent instead of the NaDES in order
to compare both extracts in terms of their total phenolic contents and their antioxidant and
anticholinergic capacities.

As can be observed in Figure 2, the PLE-NaDES extraction provided higher TPC
values (Figure 2A) and a higher antioxidant capacity than the ethanolic PLE extraction,
determined by the TEAC assay (Figure 2B). However, the ethanolic extract presented a
higher antioxidant capacity evaluated by the ORAC assay (see Figure 2C) as well as a
higher anticholinergic capacity (see Figure 2D). This means that the PLE-NaDES extraction
with ChCl:Gly (1:2) with 60% water or the ethanolic PLE extraction can be used depending
on the final application added to the extract.

150



Mar. Drugs 2024, 22, 467

Figure 2. (A) Total phenolic content (TPC) determined by Folin–Ciocalteu method, antioxidant
capacity measured by (B) TEAC and (C) ORAC assays, and (D) anticholinergic capacity evaluated by
the inhibition of AchE enzyme from phenolic extracts obtained by PLE-NaDES with ChCl:Gly (1:2)
with 60% water and PLE with ethanol/water (70:30, v/v). a,b Letters indicate statistically significant
differences between extraction solvents (p ≤ 0.05).

2.2. Stability Study of PLE-NaDES and PLE-Water Phycobiliprotein Extracts

The selection of an appropriate solvent for the extraction of bioactive compounds
significantly impacts its stability post-extraction. Numerous studies have demonstrated that
NaDESs are particularly effective in preventing the degradation of bioactive compounds,
such as phenolic compounds, under forced storage conditions [36,37]. However, to our
knowledge, there are no studies about the stability of phycobiliproteins achieved using
NaDESs as the extraction solvent from P. palmata algae. Thus, a stability study of the
optimal PLE-NaDES extraction (using Gly:Glu (2:1) NaDES) and the PLE-water extracts
obtained in step 1 was performed by monitoring the phycobiliprotein contents (B-PE, R-PC,
and APC contents), the antioxidant capacity of their hydrolysates (determined by TEAC
and ORAC assays), and the color change (measured by CIELAB coordinates) for 30 days.
During these 30 days, the extracts were submitted to 40 ◦C, equivalent to 6 months at
room temperature.

As can be observed in Figure 3, the B-PE and R-PC values decrease up to three times in
the PLE-water extracts from the first week to the last week compared with the PLE-NaDES
extract (see Figure 3A,B).
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Figure 3. Forced stability study of (A) total B-phycoerythrin content, (B) total R-phycocyanin content,
(C) total allophycocyanin content, (D) antioxidant capacity determined by TEAC, and (E) ORAC
assays of PLE-NaDES and PLE-water extracts from step 1 of the biorefinery process submitted to
40 ◦C for 30 days.

However, the contents of these phycobiliproteins in the PLE-NaDES extracts were
slightly reduced over time. By contrast, the low stability of APC was observed because
its content was reduced from 36.2 ± 0.1 μg/mg sample to 15.60 ± 0.01 μg/mg sample in
the PLE-NaDES extracts, with this reduction being more pronounced in the PLE-water
extract (see Figure 3C). This means that the NaDES provided a protective effect on phyco-
biliproteins’ stability, particularly for B-PE and R-PC. This effect was also observed for the
antioxidant capacity of hydrolysate extracts, because the TEAC and ORAC values were
maintained over time in the PLE-NaDES extracts, while this capacity decreased in the
PLE-water extracts (see Figures 3D and 3E, respectively). In fact, even though initially
the PLE-water extracts showed a higher antioxidant capacity as determined by the ORAC
assay, this capacity was reduced up to 20% at the end of the stability study, presenting
higher IC50 values than the PLE-NaDES extracts.

On the other hand, as can be seen in Table 4, the color measurements in the PLE-
NaDES showed that L* and α* parameters were maintained during the stability study.
These results indicated that the NaDES offers a protective effect on the degradation of
phycobiliproteins over time, keeping its pink color, as can be observed in the measurement
of the α* value. An increase in b* values is noted, indicating a more intense yellow color,
particularly at 21 days.

Table 4. Color parameters (L* = luminosity; α* = redness/greenness; b* = yellowness/blueness) of
PLE-NaDES and PLE-water extracts during the forced stability study.

PLE-NaDES PLE-Water

Days L* α* b* ΔE L* α* b* ΔE

0 838 ± 1 C 179 ± 1 B 69 ± 2 C 0 760 ± 1 C 233 ± 1 A 61 ± 2 D 0
7 841 ± 1 C 105 ± 0 D 51 ± 0 D 76 ± 0 Ab 755 ± 0 D 76 ± 1 B 112± 1 C 165.3 ± 1 Ba

21 864 ± 1 A 162 ± 1 C 81 ± 1 B 33 ± 1 Cb 974 ± 0 A 59 ± 1 C 268 ± 1 B 344 ± 1 Aa

30 844 ± 1 B 183 ± 0 Aa 125 ± 0 A 56 ± 2 Bb 968 ± 0 B 64 ± 0 D 278 ± 2 A 345 ± 3 Aa

A,B,C,D Letters indicate statistically significant differences in the same column (p ≤ 0.05). a,b Letters indicate
statistically significant differences between extraction solvents (p ≤ 0.05).
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By contrast, the color measurement of the PLE-water extracts varied significantly over
time. The L* values increased from 760 to 968 and b* values from 61 to 278 in the PLE-water
extracts, resulting in dark and blue extracts, respectively. Moreover, α* values decreased
progressively, favoring the appearance of green colors. In fact, ΔE values indicated a slight
color variation in the PLE-NaDES extracts of 56 ± 2, while for PLE-water, this variation
was bigger (345 ± 3). This means that the NaDES exerts a protective effect against the
degradation of compounds extracted by PLE that is not offered by conventional extraction
solvents such as water.

3. Discussion

P. palmata is an underexplored red macroalga that is interesting for its potential and
utilization as a source of phycobiliproteins, proteins, sulfated polysaccharides, and polyphe-
nols. Usually, these components have been obtained from P. palmata using conventional
extraction techniques with water as the extraction solvent [12,13,38]. The extraction solvent
selection not only determines the efficiency of the extraction but also the integrity and sta-
bility of the compounds of interest. In fact, it is known that the color of phycobiliproteins is
unstable with heat, acid, and light [19]. Thus, several authors have focused their efforts on
the encapsulation of phycobiliproteins or on the addition of preservatives such as benzoic
acid or citric acid, among others, to preserve their color integrity [39,40]. However, these
are processes that significantly increase production costs.

In addition, advanced extraction techniques such as EAE have been applied to break
down the cell wall of the algae to facilitate its destruction, increasing the extraction of
proteins and phycobiliproteins [2]. Nevertheless, EAE can be a complex process, requiring
the precise control of temperature, substrate concentration, and pH, which depend on
specific enzymes that can be expensive and sensitive to degradation. For this reason, the
use of the NaDES as the extraction solvent for the recovery of phycobiliproteins, proteins,
and sulfated polysaccharides was proposed for this study. NaDESs are composed of
natural compounds such as amino acids, sugars, or organic acids that are easy to obtain,
cheap, and biodegradable [25]. In addition, NaDESs have shown an important stabilizing
activity against the degradation of bioactive compounds, such as phenolic compounds [41].
However, the stabilizing properties of these solvents against phycobiliprotein degradation
have not been studied yet. Taking into account the advantages of NaDES, its use could
reduce the environmental impact of extraction processes compared to the use of industrially
produced enzymes, the utilization of toxic volatile organic solvents, or other conventional
solvents, without preservative properties against the degradation of target compounds.
Moreover, the use of NaDES combined with advanced extraction techniques such as UAE
or PLE could increase the breakage of algae cell walls by the ultrasound waves as well
as by the high pressure applied during the extraction, respectively [42]. However, to our
knowledge, this combination has not been applied for the recovery of phycobiliproteins,
proteins, sulfated polysaccharides, and polyphenols from P. palmata. For these reasons,
a biorefinery process was developed to obtain different fractions of high added-value
compounds from P. palmata by using NaDESs combined with UAE and PLE.

3.1. Extraction of Phycobiliproteins, Proteins, and Sulfated Polysaccharides from P. palmata
(Step 1)

The first step of the biorefinery process targeted the extraction of phycobiliproteins,
proteins, and sulfated polysaccharides from P. palmata. One of the most important parame-
ters that influence the recovery of phycobiliproteins is the extraction temperature [43]. High
temperatures could improve solvent penetration into the matrix, increasing the extraction
yield of target compounds. However, thermolabile compounds, such as phycobiliproteins,
can be degraded at high temperatures. In fact, extraction temperatures below 50 ◦C are
recommended to maintain the stability of the pigments [24]. For this reason, the first step
of the biorefinery process was carried out at low extraction temperatures (25 ◦C) to prevent
the pigments’ degradation.
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In order to select the best extraction technique combined with NaDESs for the recovery
of phycobiliproteins, proteins, and sulfated polysaccharides in the first step of the biore-
finery process, different NaDESs were tested with UAE and PLE. Moreover, the different
NaDESs were synthetized with 25% and 50% water, providing different physicochemical
properties (viscosity, density, and polarity) using the same components. Nevertheless, the
nature of NaDESs made PLE difficult; for instance, Gly:Glu:Bet and Gly:Glu:Pro NaDESs
with only 25% water produced an obstruction during the extraction process. Even though
these NaDESs provided lower viscosity values than the rest of the NaDESs (see Table S1),
other physicochemical parameters such as the density or the nature of each NaDES compo-
nent could have produced the obstruction of the PLE instrument. Thus, both NaDESs could
not be implemented in step 1 of the biorefinery process using PLE. The results indicated
that PLE using the Gly:Glu NaDES with 50% water provided extracts with the highest
phycobiliprotein contents (see Table 1). In this sense, the application of a high pressure
by PLE along with the physicochemical properties of the Gly:Glu NaDES with 50% water
could have provided a better disruption of the cell structure of P. palmata compared to the
ultrasonic waves of UAE, favoring the release of target compounds into the solvent [44].
Moreover, the addition of high percentages of water in the NaDES (50% instead of 25%)
increased the mass transfer of target compounds by a reduction in NaDES viscosity and sur-
face tension, improving the extraction of phycobiliproteins [35]. However, the PLE-water
extraction provided extracts with higher protein and sulfated polysaccharide contents com-
pared to the PLE-NaDES, UAE-NaDES, and UAE-water extracts. In fact, the hydrolysate
of the PLE-water extracts presented the highest antioxidant capacity, as determined by
the ORAC assay (see Table 2). This could be due to the fact that the PLE-water extraction
allowed us to obtain a higher content of antioxidant water-soluble proteins. The solubility
of proteins is strongly influenced by the molecular weight and the polar and nonpolar
amino acids present in their structure [45]. Probably, the use of water submitted to a high
pressure allowed us to break the cell wall of P. palmata, releasing higher polar protein and
sulfated polysaccharide contents to the extraction solvent than with the use of NaDESs.
Moreover, the high viscosity of the NaDES could have reduced the diffusion coefficients
of proteins and sulfated polysaccharides, producing low mass transfer [27]. In fact, Table
S1 shows the high viscosity of the NaDESs at room temperature, which is reduced when
a temperature of 40 ◦C was applied. At moderately elevated temperatures, the solubility
of proteins in NaDESs may improve by increasing the kinetic energy of molecules and
by modifying the NaDES structure, facilitating its ability to solubilize proteins. Thus,
higher extraction temperatures were considered for step 2 of the biorefinery process to
maximize the recovery of non-thermolabile phycobiliproteins along with proteins and
sulfated polysaccharides from the biomass residue of step 1.

3.2. Maximizing the Recovery of Phycobiliproteins, Proteins, and Sulfated Polysaccharides from
P. palmata (Step 2)

Taking into account that the PLE-NaDES extractions provided the highest recovery
rates of phycobiliproteins in step 1, UAE-NaDES extraction to maximize the recovery of
phycobiliproteins, proteins, and sulfated polysaccharides from the residue of step 1 was
not considered. In this sense, six different NaDESs were tested in combination with PLE
for step 2 of the biorefinery process. Moreover, two PLE extraction temperatures were
tested (25 ◦C and 40 ◦C) in order to determine their influence on the recovery of target
compounds. The results indicated that the NaDES composed of Gly:Glu (2:1) with 50%
water at 40 ◦C provided the extracts with the highest phycobiliprotein contents, as in step
1. This fact could be due to the Gly:Glu NaDES’s polarity, viscosity, density, pH, or its
sugar composition, which could have improved its interaction with phycobiliproteins
through hydrogen bonding and other interactions, improving its solubility and extraction.
In fact, the extraction efficiency of this NaDES has been previously demonstrated by Hilali
et al. [46], who evaluated the recovery of phycocyanin from Arthrospira platensis using UAE
combining different glycerol-based NaDESs. Furthermore, the use of higher temperatures
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(40 ◦C) decreases the viscosity of NaDESs (Table S1), allowing for better penetration in the
matrix and improving the extraction of target compounds.

On the other hand, comparing Tables 1 and 3, it can be observed that the PLE-NaDES
extraction in step 1 probably degraded the cell wall of P. palmata, facilitating the release
of mainly sulfated polysaccharides, which can be recovered in step 2, as it is confirmed
by the higher content of sulfated polysaccharides in the step 2 extracts (up to three times
higher than in step 1). This effect was also observed for the extraction of proteins, but to
a lower extent. In general, the use of PLE-NaDESs at 40 ◦C increased the extraction of
proteins and sulfated polysaccharides compared with the use of PLE-NaDESs at 25 ◦C.
This means that an increase in the extraction temperature facilitated the solubilization
of proteins in the NaDESs [47]. Nevertheless, the PLE-water extracts presented higher
total protein and sulfated polysaccharide contents than the PLE-NaDES extract, although
with lower contents of phycobiliproteins. Thus, PLE-NaDES extraction using Gly:Glu
(2:1) with 50% water was selected as the best extraction technique for the recovery of
phycobiliproteins, proteins, and sulfated polysaccharides from P. palmata in step 1 and step
2 of the biorefinery process.

3.3. Recovery of Phenolic Compounds from the Residue of Phycobiliproteins, Protein, and Sulfated
Polysaccharide Extractions

In general, the phenolic content of red algae is low (< 4% dry weight); however, P. pal-
mata has demonstrated interesting contents in antioxidant phenolic compounds, although
this has not been widely explored [48,49]. Particularly, ChCl:Gly (1:2) NaDES has been
widely used for the extraction of phenolic compounds from natural sources [25,35,50]. This
favorable behavior might be attributed to the strong interaction of hydrogen bonds between
chemical groups of ChCl and Gly with phenolic compounds, increasing its extraction [51].
Nevertheless, its viscosity can reduce the penetration of the NaDES into the matrix, de-
creasing the extraction efficiency. For this reason, the water percentage in the NaDES is
added to reduce its viscosity. In this sense, Domínguez-Rodríguez et al. [35] observed that
the extraction of phenolic compounds increased with the addition of water in ChCl:Gly
(1:2) NaDES and determined that 60% water in NaDES combined with PLE at 150 ◦C for 25
min provided extracts with the highest antioxidant and anticholinergic phenolic compound
extracts from Citrus reticulata leaves. Thus, these extraction conditions were selected to
extract the biomass residue obtained after step 2, targeting bioactive phenolic compounds.

Figure 2 shows that TPC values from the PLE-NaDES extract were within the range
of the TPC values reported by other authors from a direct extraction of phenolic com-
pounds from P. palmata (between 5 and 13 mg GAE/g extract) [52–54]. This means that
the biorefinery process developed in this study allowed for the selective separation of
different components from P. palmata, maximizing the use of biomass by extracting all
valuable compounds. First, phycobiliproteins, proteins, and sulfated phycobiliproteins
were obtained in step 1 and 2, preserving their degradation, followed by the extraction
of phenolic compounds in step 3. As can be seen in Figure 2, TPC values obtained in
PLE-NaDES extract were slightly higher than those reported in the literature data. More-
over, this study confirmed also that NaDES interacts with antioxidant phenolic compounds
determined by a TEAC assay, increasing its extraction compared with ethanol/water (70:30,
v/v) solvent, obtaining higher TPC values in PLE-NaDES than in ethanolic PLE extracts.
However, the ethanolic extracts presented a higher antioxidant capacity determined by
an ORAC assay as well as a higher anticholinergic capacity than the PLE-NaDES extract.
This means that different phenolic compounds were obtained depending on the extraction
solvent. The NaDES provided extracts that were more able to neutralize ABTS radicals,
while ethanol/water (70:30, v/v) allowed us to obtain extracts with a higher capacity to
neutralize O2 species. Probably, the polarity and low viscosity of the ethanol/water solvent
promoted the extraction of more polar compounds different from phenolic compounds
with a higher antioxidant capacity (as determined by an ORAC assay) and anticholinergic
capacity than those obtained with the NaDES.
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3.4. Preservative Effect of NaDES against Phycobiliprotein Degradation

Phycobiliprotein extracts and, in particular, the PLE-NaDES extract obtained using
Gly:Glu (2:1) NaDES in step 1 were submitted to a forced stability study to determine the
potential protective effect of NaDES on the degradation of these compounds; PLE-water
extract exposed to the same conditions was employed as a control. The results indicated
(see Figure 3) that the PLE-NaDES extract maintained the phycobiliprotein contents, the
antioxidant capacity of its hydrolysate, and the color of the extract over time, while the
PLE-water extract showed a reduction in all the tested parameters. This preservative
effect of NaDES against the oxidative and thermal degradation of phycobiliproteins could
be due to the high viscosity of this solvent compared with water [55,56]. An increase in
the viscosity of NaDES produces a decrease in the mobility of molecules, reducing their
exposure time to oxygen and avoiding their degradation [57]. In fact, the PLE-water extract
presented a more intense yellow-brown color over time, which could indicate the oxidation
of the extract by exposure to oxygen (see Table 4). This stabilizing effect can be adjusted
by reducing the water content in the NaDES to increase the formation of hydrogen bonds
between the target compounds and the NaDES [56]. However, the reduction in water
content could affect the extraction efficiency of the target compounds. Thus, the water
content in the NaDES is a crucial parameter to optimize in order to obtain stabilized extracts
rich in target compounds.

4. Materials and Methods

4.1. Chemicals and Samples

Gallic acid, ascorbic acid, Trizma hydrochloride (Tris-HCl), trolox, disodium phosphate
(Na2HPO4), monopotassium phosphate (KH2PO4), fluorescein sodium salt, sodium hydrox-
ide (NaOH), sodium carbonate (Na2CO3), potassium persulfate (K2S2O8), acetylcholinesterase
(AChE) Type VI-S from Electrophorus electricus, 2,2′-azino-bis(3-ethylbenzothiazoline-6-slphonic
acid) (ABTS), toluidine blue, bovine serum albumin, and Bradford Reagent were supplied
by Sigma-Aldrich (Madrid, Spain). Ethyl acetate (ETAC), ethanol (EtOH), methanol, and
formic acid were purchased from VWR Chemicals (Barcelona, Spain). Folin–Ciocalteu
reagent was acquired from Merck (Darmstadt, Germany) while acetylthiocholine iodide
(ATCI), galantamine hydrobromide, 4-(amino-sulfonyl)-7-fluoro-2,1,3-benzoxadiazole (ABD-F),
2,2-azobis(2-aminodinopropane) dihydrochloride (AAPH), 2,2-difenil-1-picrilhidracilo
(DPPH), choline chloride (ChCl), glucose, betaine, and proline were purchased from TCI
Chemicals (Tokyo, Japan). Glycerol was provided by Labkem (Barcelona, Spain). Fucoidan
(from Fucus serratus algae) was acquired from Carbosynth Limited, Berkshire, UK). Trypsin
was purchased from MP Biomedical (Santa Ana, CA, USA).

The ultrapure water used (18.2 MΩ/cm) was obtained from a Millipore system (Milli-
pore, Billerica, MA, USA).

Dried Palmaria palmata was provided by Porto Muiños (Cerceda, A Coruña, Spain).
P. palmata powder was vacuum-packed and stored at −20 ◦C.

4.2. Proposed Biorefinery Process for the Valorization of P. palmata

In order to recover bioactive compounds from P. palmata with green solvents, two
different approaches were used: UAE and PLE, both combined with green solvents such as
water and NaDES. Figure 1 (in the Results section) illustrates a scheme of the proposed
processes for the valorization of the algae.

A sequential process composed of three steps was designed for the extraction of
phycobiliproteins, sulfated polysaccharides, and phenolic compounds from P. palmata
as follows.

Step 1: The first step involved a comparative study between PLE and UAE to select the
best extraction technique for the recovery of phycobiliproteins and sulfated polysaccharides
from the alga. In this step, different NaDESs were tested and compared with water as
extraction solvent. For this, a DIONEX ASE 200 (Dionex, Sunnyvale, CA, USA) was
used for PLE extractions. PLE extractions were achieved in 11 mL extraction cells, which
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were filled with 1 g of P. palmata using 10.5 MPa for 20 min at 25 ◦C following Gallego
et al. [24]’s method for the recovery of phycobiliproteins and sulfated polysaccharides from
Porphyridium cruentum biomass. In order to compare PLE with UAE, 100 mg of P. palmata
was mixed with 10 mL NaDES or water and sonicated at a frequency of 40 kHz at 25 ◦C for
50 min according to the optimized extraction methods of Domínguez-Rodríguez et al. [35]
and Hilali et al. [46] for the extraction of bioactive compounds and phycobiliproteins from
Citrus reticulata leaves and Arthrospira platensis, respectively.

Step 2: The residual biomass of the best extraction in terms of phycobiliprotein con-
tents from step 1 was employed to extract the remaining phycobiliproteins and sulfated
polysaccharides from P. palmata. In this step, the same NaDESs from the first step were
tested and compared with water as extraction solvent. In addition, two temperatures were
tested (25 ◦C and 40 ◦C) to obtain phycobiliproteins and sulfated polysaccharides.

Step 3: Phenolic compounds were recovered from the residual biomass of step 2 by
PLE-NaDES using choline chloride:glycerol (ChCl:Gly) in a 1:2 molar ratio with 60% water
in NaDES for 25 min at 150 ◦C and 10.5 MPa, according to Domínguez-Rodríguez [35]’s
protocol. Additionally, to determine the efficiency of the use of NaDESs on the recovery
of phenolic compounds from the residual biomass of step 2, the same PLE extraction
conditions were applied but using ethanol:water (70:30, v/v) as solvent extraction instead
of NaDES.

All extracts were centrifuged at 12,000× g for 15 min at 10 ◦C, the supernatant was
removed, and they were stored at −20 ◦C until their use.

4.3. Preparation of Natural Deep Eutectic Solvents (NaDESs)

According to NaDESs employed in the literature data for the extraction of proteins
and phycobiliproteins from algae, NaDESs presented in Table 5 were selected and formed
following the protocol of Rajha et al. [58]. Each NaDES was synthesized using 25 and 50%
water to obtain NaDESs with different viscosities. The mixture was heated for 1 h at 80 ◦C
until a clear liquid was obtained.

Table 5. Hydrogen bond acceptors (HBAs) and hydrogen bond donors (HBDs) used in the
NaDESs’ compositions.

Abbreviations HBA HBD
Molar
Ratio

Percentage
of Water in

NaDES
Reference

Gly:Glu Glycerol Glucose 2:1 25 and 50% [46]
Gly:Glu:Bet Glycerol Glucose and Betaine 4:1:1 25 and 50% [46]
Gly:Glu:Pro Glycerol Glucose and Proline 4:1:1 25 and 50% [46]

ChCl:Gly Choline chloride Glycerol 1:2 60% [35]

4.4. Hydrolysis of Protein Fraction for In Vitro Assays

UAE-NaDES and PLE-NaDES extracts from step 1 were hydrolyzed using trypsin
enzyme for obtaining bioactive peptides following the protocol described by Liu et al. [14].
Briefly, each 1 mL of extract was homogenized with 1 mL of phosphate buffer at pH of
8 for 10 min. Then, trypsin was added according to the total extract amount so that the
enzyme/substrate ratio would be 4% (w/w). This mixture was incubated in a thermomixer
(Eppendorf AG, Hamburg, Germany) at 37 ◦C to initiate the digestion process. The
hydrolysate was recovered at 1, 3, 5, and 6 h of incubation in order to determine the optimal
hydrolysis time. After incubation periods, hydrolysis was stopped by heating them at 95 ◦C
for 10 min, then they were placed on ice, followed by cooling them to room temperature.
Finally, the hydrolysates were centrifuged at 8000× g for 15 min, and the supernatants
were removed and stored until their analysis.
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4.5. Preparation of Phenolic Extracts for In Vitro Assays

To avoid NaDESs interfering with the analytical methods employed in this investiga-
tion for the study of phenolic compounds, phenolic extracts were purified by employing
solid-phase extraction (SPE) according to Domínguez-Rodríguez et al. [25]’s method to
remove NaDESs from the extracts. Briefly, C-18 cartridges (Strata C18-T, 500 mg) were
placed in a vacuum system and equilibrated with 2.5 mL methanol (100%), followed by
7.5 mL of acidified water with formic acid (0.35%, v/v). After loading 2.5 mL of the sample,
the cartridges were flushed with 2.5 mL of acidified water with formic acid (0.35%, v/v) to
remove NaDESs. Then, phenolic compounds were eluted with 5.0 mL of ethyl acetate and
2.0 mL of acidified methanol with formic acid (0.1%, v/v). The phenolic fraction was dried
with nitrogen and stored at −20 ◦C.

4.6. Spectrophotometric Analysis
4.6.1. Determination of Total Protein Content

Bradford protein assay was employed to determine the total protein content of P. pal-
mata extracts from steps 1 and 2 following the method described by Bradford [59]. Briefly,
5 μL of extract was mixed with 5 μL NaOH (1 M, pH: 8.0), and 250 μL of Bradford reagent
was added. After 10 min in the dark at room temperature, absorbance was measured at
595 nm. Protein concentration was calculated by interpolation with a calibration curve
carried out with bovine serum albumin (BSA) standard, and the results are expressed as
mg protein/g sample.

4.6.2. Determination of Phycobiliprotein Contents

Phycobiliprotein (B-Phycoerythrin (B-PE), Allophycocyanin (APC), and R-Phycocyanin
(R-PC)) contents in the extracts of P. palmata from steps 1 and 2 were calculated using Roman
et al. [60]’s method. The extracts were diluted at 1 mg/mL with water and the absorbance
was measured at 620, 650, and 565 nm to determine the R-PC, APC, and B-PE contents,
respectively. The results were expressed in mg phycobiliprotein/mL sample and calculated
with the following equations:

R-phycocyanin [R-PC] = (Abs 620 nm − 0.7 × Abs 650 nm)/7.38 (1)

Allophycocyanin: [APC] = (Abs 650 nm − 0.19 × Abs 620 nm)/5.6 (2)

B-Phycoerythrin: [B-PE] = (Abs 565 nm − 2.8 × [R-PC] − 1.34 × [APC])/12.27 (3)

4.6.3. Determination of Sulfated Polysaccharides

The quantification of sulfated polysaccharides was carried out using the method
described by Beutler et al. [61] and Albano et al. [62]. The extract (200 μL) was mixed
with 1 mL of 0.01 mg/mL toluidine blue solution. After 10 min at room temperature, the
absorbance of the mixture was measured at 620 nm. A calibration curve was utilized with
fucoidan, and the results are expressed as mg sulfated polysaccharides/g sample.

4.6.4. Determination of Total Phenolic Content

The total phenolic content in the phenolic extracts obtained by PLE-NaDES in step 3
was measured utilizing the Folin–Ciocalteu method, based on the procedure established
by Singleton et al. [63]. A standard curve was generated using gallic acid in the range of
0.05–2 mg/mL to present the results as milligrams of gallic acid equivalents (GAE)/ sample.

4.7. Biological Activities
4.7.1. Antioxidant Capacity

Reactive oxygen species (ROS) scavenging capacity according to ORAC assay: The
antioxidant capacity of the extracts was determined by ORAC method described by Qu
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et al. [64]. Briefly, 100 μL of extracts at different concentrations was added to a mixture
containing 100 μL of AAPH (590 mM) prepared in 30 mM phosphate buffer at a pH of
7.5 and fluorescein at a concentration of 10 μM in 25 μL phosphate buffer. The reaction
was started at 37 ◦C, and fluorescence measurements were recorded every 5 min for 1 h
(λexcitation = 485 nm; λemission = 530 nm). The peroxyl radical scavenging capacity of the
extracts was calculated using the difference between the area under the curve (AUC) of
fluorescence reduction and the percent inhibition obtained in the presence (AUCextract) or
absence (AUCcontrol) of the extract according to the following equation:

%Inhibition =
AUCcontrol − AUCsample

AUCcontrol
× 100 (4)

AUC was calculated by mean equation below:

AUC = 0.5 + ∑ fi/ f0 (5)

where f 0 and fi are fluorescence measurements at t = 0 min and every 5 min, respectively.
Trolox equivalent antioxidant capacity (TEAC) assay: TEAC assay was carried out

using the method described by Re et al. [65]. ABTS stock solution was used, mixing 7 mM
ABTS with 2.45 mM potassium persulfate. It was maintained under darkness for 12–16 h
at room temperature. After that, the ABTS working solution was prepared by mixing
5 mM phosphate buffer (pH 7.4) with ABTS stock solution until absorbance at 734 nm
reached values of 0.70 AU. Then, 10 μL of extract was added to 990 μL of ABTS working
solution. Absorbance was measured at 734 nm after 45 min. A calibration curve was made
employing Trolox as reference standard to express the results as TEAC (mmol Trolox/g
sample). TEAC values were obtained from a calibration curve of each sample achieved
from four different concentrations, which showed a liner response between 20 and 80%
compared with the initial absorption.

4.7.2. Anticholinergic Activity

To determine the inhibitory effect on acetylcholinesterase (AChE) activity, a fluorescent
enzyme kinetics assay based on a modified version of Ellman et al. [66]’s method was
applied [67]. The extracts were prepared at seven different concentrations ranging from 25
to 250 μg/mL by dissolving them in EtOH/H2O (1:1, v/v). A total of 100 μL of Tris-HCl
buffer (150 mM, pH 8), 25 μL of AChE enzyme (0.8 U/mL), and 100 μL of extract were
added to each reaction well, and the mixture was incubated at room temperature for 10
min. After incubation, 25 μL of ABD-F (125 μM) and 50 μL of acetylthiocholiniodide (ATCI)
at the concentration calculated by Michaelis–Menten constant (KM) were added to each
well. The reaction mixture was monitored by taking fluorescence measurements at 389 nm
excitation and 513 nm emission wavelengths every minute using a microplate reader
(Cytation 5, BioTek Instruments, Winooski, VT, USA) for 15 min at 37 ◦C. The percentage of
enzyme inhibition was calculated using the mean velocities measured for AChE enzyme in
the absence (V0) and presence (V1) of the sample according to the following equation:

%Inhibition =
V0 − V1

V0
× 100 (6)

The concentration of the extract that inhibited the enzyme activity by 50% (IC50)
was determined in μg/mL, and it was observed that higher IC50 values indicated lower
anticholinergic capacity. Galantamine hydrobromide at a concentration of 0.0125 mg/mL
was used as a positive control. All measurements were performed in triplicate, and the
results were reported as mean ± standard deviation (SD).

4.8. Stability Study

In order to observe the preservation effect of NaDESs on phycobiliproteins’ contents
and the antioxidant capacity of their hydrolysates, a stability study following the protocol
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of Hilali et al. [46] was performed. The NaDES extract with the highest antioxidant phy-
cobiliprotein content and water extracts were stored and submitted to accelerated aging
conditions at 40 ◦C for 30 days, equivalent to 6 months at room temperature. Every 7 days,
aliquots of extracts were collected and the phycobiliprotein concentrations (determined
following the protocol described in Section 4.6.2), the antioxidant capacity of their hy-
drolysates (measured by TEAC and ORAC assays), and the color change of the extracts
were monitored.

The color measurements were carried out during the stability test according to Idowu
et al. [68]’s protocol using a Konica Minolta portable colorimeter (model CR-400), with D65
illuminant and an observation angle of 2◦. Results were expressed according to CIELAB
model, in which L* represents lightness (L* = 0 corresponds to the darkest, while L* = 100
is the brightest), α* represents the range color from red with positive values to green
with negative values, and b* represents the color channel from the yellow positive values
to the blue negative values. The Chroma Meter was initially calibrated in the CIELAB
color space system employing a white tile. Three readings were taken for each sample.
Color differences between the initial extract and the extract during the stability study were
determined according to the following equation:

ΔE*
Lab =

√
(L2 − L1)2 + (α2 − α1)2 + (b2 − b1)2 (7)

where L1 represents the luminosity of the initial extract, L2 provides the lightness/darkness
of the extract during each week of the stability study, α is the redness or greenness of
the initial extract, and α2 the redness or greenness of the extract in each week of the
stability study, while b1 is the yellowness/blueness of the initial extract and b2 is the
yellowness/blueness of the extract in each week of the stability study.

4.9. Statistical Analysis

Statistical analysis was carried out employing Statgraphics Centurion version XVII
software (Statistical Graphics Corp, The Plains, VA, USA) to compare the total phycobilipro-
tein, protein, and total sulfated polysaccharide contents as well as the antioxidant and
anticholinergic capacities and color changes of the extracts. To determine statistically signif-
icant differences (p ≤ 0.05) between mean values for different extracts at a 95% confidence
level, an analysis of variance (ANOVA) with Fisher’s exact test was utilized.

5. Conclusions

The potential of the pressurized NaDES extraction process was demonstrated for
the sequential recovery of different fractions of valuable compounds from P. palmata. A
pressurized NaDES composed of Gly:Glu (2:1) with 50% water improved the selectivity of
thermolabile phycobiliprotein contents in the first step of the biorefinery process, compared
to UAE-NaDES extraction. This pressurized NaDES allowed us to maximize the recovery
of phycobiliproteins using 40 ◦C as the extraction temperature in comparison with 25 ◦C
in the second step of the biorefinery process, as well as to obtain interesting protein
and sulfated polysaccharide contents. The efficiency of PLE-NaDES extraction in the
recovery of phycobiliproteins, proteins, and sulfated polysaccharides was corroborated
by comparison with PLE-water extracts, with water being the extraction solvent usually
employed for the extraction of these compounds. Moreover, a preservative effect of the
NaDESs against oxidative damage and thermal exposure was confirmed with a forced
stability study compared to water extracts. Finally, the extraction of the residual biomass of
the second step was performed using a PLE-NaDES with ChCl:Gly (1:2) compared to PLE
with ethanol:water (70:30, v/v); this corresponded to the third step of the biorefinery process
and provided extracts enriched in antioxidant and anticholinergic phenolic compounds.
In summary, the results obtained demonstrated the efficiency of pressurized NaDESs
compared with the use of UAE-NaDESs and conventional solvents as a green alternative
for the valorization of P. palmata biomass through a new biorefinery process.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md22100467/s1, Table S1: Viscosity values (mPas·s) of NaDES
employed in this study with 25% and 50% of water measured at 25 ◦C and 40 ◦C. Table S2: Antioxidant
capacity of PLE-Water and PLE-NaDES (Gly:Glu, 50% H2O) extract according to hydrolysis time
determined by ORAC (IC50, μg/mL sample) analyses and TEAC (μmol trolox/g sample).
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