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Abstract: This study aimed to investigate the biological activity of crude and purified laminarin and
fucoidan samples extracted from Irish brown macroalgae species Laminaria digitata and Fucus vesiculo-
sus. The antioxidant capacity of the samples was evaluated using the 2,2-diphenyl-1-picrylhydrazyl
and ferric-reducing antioxidant power assays. The anti-inflammatory potential of the samples was
analysed using the cyclooxygenases inhibition activity, and the antidiabetic activity was evaluated
using a dipeptidyl peptidase-4 inhibitor screening assay. The cytotoxicity of the samples was mea-
sured using the Alamar Blue™ assay with different types of cancer cell lines. The crude laminarin
and fucoidan samples exhibited higher antioxidant activity (p < 0.05) than the purified samples
and commercial standards. Similarly, the crude extracts showed stronger anti-inflammatory and
antidiabetic effects compared to the purified samples. Additionally, the crude laminarin and fucoidan
samples showed higher cytotoxic activity. Specifically, as confirmed in the flow cytometry analysis,
3D tumour spheres using different cancer cell lines showed significantly higher resistance to bioactive
compounds compared to 2D monolayer cells. The laminarin and fucoidan polysaccharide samples
investigated are suitable for potential nutraceutical applications based on the biological activity
values observed. Future research is necessary to purify the bioactive compounds investigated and
improve their selectivity for targeted therapeutic uses in food and biomedical applications.

Keywords: seaweed; laminarin; fucoidan; antioxidant; anti-inflammatory; antidiabetic; cytotoxicity;
3D tumour spheres

1. Introduction

Cancer is a leading cause of mortality worldwide, with nearly 10 million deaths
reported in 2020. According to the World Health Organization (WHO), the types of
cancer with the greatest prevalence are lung, liver, stomach, colorectal, mammary, and
oesophageal cancer [1-4]. Potential cancer treatments include surgery, radiotherapy, and / or
systemic therapy (chemotherapy, hormonal treatments, and targeted biological therapies).
Glioblastoma (GBM) is the most common and aggressive malignant primary brain tumour
reported in adults. The WHO 2021 classification reports that the term GBM includes
isocitrate dehydrogenase (IDH) wild-type tumours [4]. Reported treatments for GBM
include surgical resection, radiation, and chemotherapy; however, the outcomes are poor
due to high invasiveness, high resistance to chemotherapy, and the inability to traverse the
blood-brain barrier, which leads to a low survival rate in human patients [5].
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Cancer is characterised by increased oxidative stress and an imbalance between re-
active oxygen species (ROS) and antioxidants [6]. ROS in brown seaweeds have been
characterised to act as secondary messengers involved in regulating metabolic processes
at the cellular level [7]. ROS react with biological molecules to contribute to processes
related to cellular signalling that lead to oxidative stress. The main cellular components
are affected by various types of oxidative stress, leading to the development of various
diseases/pathologies, such as arteriosclerosis, cardiovascular and neurodegenerative dis-
eases, diabetes, rheumatism, and cancer [8,9]. In the later stages, ROS in cancer cells can be
attributed to the strong genetic or mutagenic effects in terms of oxidative DNA damage
and genomic instability [6]. This novel therapeutic approach becomes an attractive concept
in the use of antioxidants for the treatment of cancer, in which oxidative stress plays a
significant role in carcinogenesis and cancer progression [10]. Multiple antioxidant thera-
peutic strategies, such as those using vitamin E, ubiquinol, glutathione, and superoxide
dismutase, have been explored, with great interest in developing numerous enzymatic and
non-enzymatic antioxidants as anticancer drugs in pre-clinical and clinical research [11].

Different natural dietary antioxidants have been explored to prevent the deleteri-
ous effects produced by oxidative stress, which favour the use of seaweed bioactives or
polysaccharides as one of them [10]. In this respect, brown macroalgae are well known
to be a reliable source of natural antioxidant compounds and possess efficient defence
systems that can tolerate a wide array of oxidative stress-inducing factors [12]. Therefore,
marine macroalgae have been extensively studied for their potential biological and thera-
peutic effects, due to their strong ability to synthesise primary and secondary metabolites
(polyphenolic compounds, sterols, vitamins, polysaccharides, and polyunsaturated fatty
acids) of biological and biomedical importance [13]. Many studies have reported the biolog-
ical properties of the brown seaweed polysaccharides laminarin and fucoidan [12,14-16].
The free radicals include reactive oxygen species (ROS) and reactive nitrogen species (RNS).
Reactive oxygen species include superoxide anion (O, "~) and nitric oxide (NO) radicals.
Non-radical derivatives of oxygen include hydrogen peroxide (H,O,) and singlet oxygen
(10y) [17-19].

Seaweed polysaccharides also possess antidiabetic, anti-inflammatory, and antico-
agulant activity [20,21]. Previous studies have reported the physical, chemical, and
functional characteristics of crude seaweed extracts generated by using green technol-
ogy and nanotechnological aspects for drug delivery and other pharmaceutical-related
applications [19,22]. In addition, the chemical compounds present in seaweed were also
found to induce various biological effects, such as oxidative damage/breakage to DNA,
structural damage to cells, the generation of different cell signalling pathways, allergic
reactions, respiratory disorders, direct and indirect protein oxidation by ROS and oxidative
stress, induced apoptosis, and cancer prevention [22-24]. Therefore, various physical,
chemical, and functional characteristics are being explored. Numerous gaps have been
identified regarding the biological potential of seaweed in preventing diseases. Both
non-steroidal anti-inflammatory drugs (NSAID) and steroidal anti-inflammatory drugs
(SAID) are extensively used for the treatment of the majority of diseases accompanied by
acute and chronic inflammation, but these types of drugs are well known to have some
adverse side effects. Seaweed polysaccharides have great potential for the discovery of
new natural drugs with anti-inflammatory activity but with relatively low incidences of
side effects [19,25]. Concerning the high interest in the inflammatory mediator process,
seaweed polysaccharides have specific potential to affect the course of both acute and
chronic inflammation processes.

In recent decades, uncontrolled glycaemic levels in patients with diabetes have become
one of the main causes of death in humans [26]. Specifically, dipeptidyl peptidase-4 (DPP-4)
is an enzyme that is involved in the inhibition of the rapid degradation of hormones, which
prevents hyperglycaemia [27,28]. In addition, it reduces glucose production and increases
insulin production. Therefore, DPP-4 inhibitors have played a vital role in the diabetic field
as a new therapy. The antidiabetic activity of fucoidan and laminarin has been reported in
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the literature [29-31]; however, their mechanisms have not been proven. Owing to their
chemical structures, seaweed polysaccharides are considered complex macromolecules
with broad action mechanisms [14,16]. Therefore, the various biological properties of
seaweed polysaccharides are the focus of the present study.

The objective of this study was to investigate the biological activity of crude and
purified laminarin and fucoidan as seaweed polysaccharides and evaluate their cytotoxicity
in different cancer cell lines.

2. Materials and Methods
2.1. Chemicals

Hydrochloric acid, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,4,6-tripyridyl-s-triazine
(TPTZ), and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) were pur-
chased from Sigma (Sigma-Aldrich, Saint Louis, MO, USA). Ultrapure water was used
in all extraction procedures and chemical analyses. All chemicals used for the anticancer
study were supplied by Sigma-Aldrich, unless stated otherwise.

2.2. Extraction of Seaweed Samples

The crude laminarin and fucoidan samples from Laminaria digitata and Fucus vesiculosus
species were obtained from Nutramara Ltd. (Tralee, Co., Kerry, Ireland). Laminarin and
fucoidan standards were purchased from Sigma-Aldrich (Merck Life Science Limited,
Co., Wicklow, Ireland). The crude samples were extracted using green novel extraction
processes such as ultrasound extraction and characterised in previous studies [12,15]. The
molecular weight cut-off (MWCO) fraction for the crude seaweed extract was prepared
according to a multi-step purification process for selected dried brown seaweeds [32].
The seaweed samples used for this study were crude laminarin (C.L.), an MWCO 10 kDa
laminarin fraction (M.L.), a Sigma laminarin standard (S.L.), crude fucoidan (C.E), an
MWCO 10 kDa fucoidan fraction (M.E.), and a Sigma fucoidan standard (S.F.). Freeze-
dried crude extracts and MWCO purified fractions were used in in vitro biological studies,
including studies of their antioxidant, antidiabetic, anti-inflammatory, wound-healing, and
anticancer properties.

2.3. Antioxidant Activity

The antioxidant properties of the extracts were measured using the 2,2-diphenyl-1-
picrylhydrazyl radical scavenging activity (DPPH assay) and ferric-reducing antioxidant
power (FRAP assay). The most common assays to investigate seaweed bioactives are
the DPPH and FRAP assays, both according to a test reaction after an electron-deficient
radical. The DPPH assay is based on the reduction of the purple DPPH- to 1,1-diphenyl-2-
picryl hydrazine, and the FRAP assay deals with those containing ferrous ions in a known
concentration. All experiments were carried out in triplicate, with three readings of each
replicate (n = 9).

2.3.1. DPPH Radical Scavenging Assay

The DPPH assay was performed according to the method of Garcia-Vaquero et al. [33]
and modified by Shanmugapriya et al. [9]. Briefly, seaweed extracts and ascorbic acid as a
positive control were prepared in 0.1 M citrate phosphate buffer with 0.3% of Triton X-100.
The samples were prepared in a triplicate manner. Then, 10 puL of a 2 mM methanolic DPPH
solution was added to each well. Further, the reaction mixture was incubated at room
temperature in the dark for 30 min and measured at 515 nm before and after the reaction
with the DPPH solution using a UV-Vis spectrophotometer. The inhibition percentage of
DPPH scavenging activity was calculated using Equation (1).

AbsBltmk - AbSSample %

DPPH radical scavenging activity (%) = 100 1)

AbsBlank
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where “Abspgj,,x” is the absorbance of the blank (DPPH solution without sample/standard), and
“Absggple” is the absorbance of the test sample (DPPH solution plus test sample/standard).
The ICsy values corresponding to the percentage of radical scavenging capacity (% RSC)
represent the concentration of the extract that causes 50% neutralisation, which was calculated
by linear regression analysis. All measurements were performed in triplicate.

2.3.2. Ferric-Reducing Antioxidant Power (FRAP) Assay

The FRAP assay was performed following the method proposed by Dudonné et al. [34]
and Henderson et al. [35]. Briefly, seaweed extracts and Trolox as a standard at concentra-
tions ranging from 15 to 420 uM were prepared. The FRAP solution was freshly prepared
with 300 mM acetate buffer (pH 3.6), 20 mM ferric chloride, 10 mM 2,4,6-Tripyridyl-s-
Triazine (TPTZ) in 40 mM HCI, and Milli Q water. Then, 280 uL of a FRAP working
solution was added to 20 uL of each sample and they were incubated at 37 °C in the dark
for 30 min; then, the absorbance was read at 593 nm using a UV-Vis spectrophotometer.
The FRAP antioxidant activity values were expressed as uM Trolox equivalent antioxidant
capacity (TE) per mg of extract.

2.4. Immune Stimulation and Inflammatory Activity

The screening of the anti-inflammatory activity of the samples against cyclooxyge-
nase (COX)-1 and -2 was performed using an enzyme inhibition screening assay kit for
COX-1/2, with item no. 560131, purchased from Cayman Chemical (Cayman Chemical
Company, Ann Arbor, MI, USA). The procedure outlined in the kit was followed, with
slight modifications, in triplicate (n = 9) [36,37]. Diclofenac sodium (1 mg/mL) was used as
a reference compound in the assay. Cyclooxygenase-1 (COX-1) and COX-2 are bifunctional
enzymes; they were used for the anti-inflammatory analysis of the samples. COX-1 is
responsible for undesirable gastrointestinal and renal side effects. COX-2 is responsible for
the biosynthesis of PGs under acute inflammatory conditions. The COX formulations were
prepared as follows: 80 uL of ovine COX-1 and human recombinant COX-2 enzymes was
diluted with 320 uL of diluted reaction buffer and stored at —80 °C. In the COX dilutions,
two test tubes, labelled BC1 and BC2, were taken to prepare background samples. The
samples for 100% initial activity were diluted and labelled IA1, IA2, and IA3. Similarly to
the 100% initial activity dilutions, the inhibitor samples were diluted and labelled C1-C3.
Specifically, the sample background COX-1/COX-2 tubes/wells and 100% initial activity
tubes/wells were prepared for COX reactions. All tubes were incubated for 10 min at 37 °C,
and then 10 pL arachidonic acid was added to all of the reaction tubes. After incubation, a
saturated stannous chloride solution was added for enzyme catalysis and the samples were
maintained at 4 °C. For the enzyme immunoassay procedure, the buffers and assay-specific
reagents were prepared. The reaction dilutions were then placed in a 96-well plate for the
assay, as per the protocol of the kit. The plate was covered with plastic film and incubated
for 18 h at RT, and we followed the procedure for the development of the plate by washing
each well with a wash buffer and Ellman’s reagent. The tracer was added to the total
activity (TA) well. Then, the plate was incubated for 1 h in the dark. The absorbance
was measured at 420 nm. The % B/Bo (% sample or maximum bound) values for the
standards and each sample were calculated from the absorbance values obtained. The
number of prostaglandins (PG) formed was calculated from the values of % B/Bo and
the standard curve. The percentage inhibition values of the standards and samples were
calculated using the inhibitor concentration to determine the ICsy values. The ICs value
is defined as the concentration of an inhibitor where the response is reduced to 50% (half
the maximal inhibitory concentration) of the desired compound. The ICsy values and
selectivity index (SI) values for the compounds were analysed using the percent inhibition
values to determine the inhibitory effects of the seaweed samples.
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2.5. In Vitro Gastrointestinal Digestion

The in vitro gastrointestinal digestion model was implemented in the seaweed sam-
ples, as described by Khalid et al. [38]. This assay was performed with a DPP-IV inhibitor
screening kit (ab133081, Cambridge, UK, Abcam). The cleavage of the peptide bond
by dipeptidyl peptidase (DPP) releases the free Gly-Pro-Aminomethylcoumarin (AMC)
group, resulting in fluorescence, which can be analysed using an excitation wavelength
of 350-360 nm and an emission wavelength of 450-465 nm. The inhibitory activity of the
samples against DPP-1V in the presence of Gly-Pro-AMC with different concentrations was
carried out and presented in terms of the ICsy. The seaweed samples were dissolved in
the assay buffer provided and diluted to concentrations ranging from 100 to 1000 pg/mL.
The diluted samples were added to the wells of 96-well plates with opaque walls and
transparent bottoms. In addition, the DPP-IV enzyme was diluted with an assay buffer
in the ratio of 1:4 (v/v). The initial activity wells contained 40 pL of assay buffer, 10 pL
diluted DPP-1V, and 50 pL substrate. Sitagliptin, as a positive control, was prepared as
stock solutions of 10% w/v. Then, the inhibitory activity wells were prepared with 10 pL
of the sample/control, 30 uL of assay buffer, 10 uL of DPP-IV, and 50 uL of the substrate.
The reaction was initiated by the addition of 20 pL of bovine serum solution, and the
samples were incubated at 37 °C with agitation for 1 h. Then, the plate was covered with a
96-well cover sheet and sealed with aluminium foil; then, it was again incubated for 30 min
at 37 °C. After incubation, the fluorescence readings were recorded using a multi-mode
microplate reader at an excitation wavelength of 355 nm and an emission wavelength of
460 nm. The average fluorescence of the 100% initial activity, background, and inhibitor
wells was determined. The fluorescence of the background wells was subtracted from the
fluorescence of the 100% initial activity and inhibitor wells. The inhibitory activity was
calculated using Equation (2).

(Initial activity — Inhibitory activity)

Percentage inhibition = = —
8 (Initial activity)

% 100 @)

2.6. Anticancer Activity
2.6.1. Cell Culture

The U-251MG human glioblastoma cell line (formerly known as U-373 MG-CD14)
was obtained from Trinity College Dublin (Dublin, Ireland). Other cell lines, namely the
A431 human epidermoid carcinoma, HepG2 human hepatoma, Caco-2 human colorectal
adenocarcinoma, and HEK293 human embryonic kidney cell lines, were purchased from
the ATCC European Distributor (LGC Standards, Dublin, Ireland). The mentioned cell
lines were selected based on the biofunctional potential of seaweed bioactives for human
health. The mycoplasma was tested using a MycoAlert® PLUS Mycoplasma Detection Kit
(Lonza Bioscience, Cologne, Germany).

2.6.2. Two-Dimensional Cell Culture Method

All cell cultures mentioned above were used for the 2D cell culture method. Cells were
cultured in Dulbecco’s Modified Eagle’s Medium high glucose (DMEM) supplemented
with 10% foetal bovine serum (FBS) and 1% penicillin-streptomycin as antibiotics and
maintained in a humidified incubator containing 5% CO; at 37 °C in a T75 standard flask
(Sarstedt AG & Co. KG, 51588 Niimbrecht, Germany). Cells were subcultured with 0.25%
w/v trypsin—-EDTA solution until 70-80% confluence was reached. Cells were seeded at
the desired density (1-2.5 x 103 cells/well) for 2 days, followed by 6 days of treatment
in triplicate, and were incubated overnight at 37 °C with 5% CO,. The cells were treated
with 1% of 10% w/v (in pg/mL) as a stock concentration for each of the different laminarin
and fucoidan fractions and serially diluted from 1% to 0.0078%, whereas 20% dimethyl
sulfoxide (DMSO) was used as a positive control and media were used as a negative control.
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2.6.3. Three-Dimensional Cell Culture Method

Human glioblastoma cell (U-251MG) suspensions with the desired seeding density
were seeded into Nunclon™ Sphera™ 96-well low-attachment plates (Thermo Fisher
Scientific, Waltham, Massachusetts 02451, USA) in DMEM high glucose supplemented with
10% FBS and 1% penicillin—streptomycin. The low-attachment plates were centrifuged at
1250 rpm for 5 min and incubated at 37 °C with 5% CO, and 95% humidity, as described
in Wanigasekara et al. [39,40]. Tumour spheroid formation was observed within 4 days
and confirmed at regular intervals using an Optika XDS-2 trinocular inverse microscope
equipped with an ISH500 camera. Fresh media were added every three days by replenishing
the old media in each well, without disturbing the tumour spheroids. After tumour
spheroid formation, the seaweed extracts were treated and incubated for 144 h. The tumour
spheres were treated with each of the different laminarin fractions and serially diluted from
1% to 0.0078%, whereas 20% DMSO was used as positive control and DMEM media with
FBS were used as a negative control.

2.6.4. Alamar Blue™ Cell Viability Assay

The cell viability was tested against cancer cells incubated for 3 h at 37 °C with a 10%
Alamar Blue™ solution (Thermo Fisher Scientific). U-251MG, A431, HepG2, Caco-2, and
HEK?293 cells were seeded at a density of 1 x 10* cells/well (100 puL culture medium /well)
into flat-bottom 96-well plates (Sarstedt AG & Co. KG, Germany) and at a density of
1 x 10* cells/well (200 uL culture medium/well) into Nunclon™ Sphera™ 96-well low-
attachment plates (Thermo Fisher Scientific) to conduct the 2D and 3D cell culture methods,
as explained above.

In the 2D cell culture method, each cell line (U-251MG, A431, HepG2, Caco-2, and
HEK293 cells) was treated with samples of the desired concentration and incubated for 48 h
and 120 h in the abovementioned conditions. Based on the results of the 2D cell culture, the
U-251MG cells were selected using 3D tumour spheres to examine the toxicity levels in the
samples with the desired concentration.

Following the above procedure, the 2D cells were washed with sterile phosphate-
buffered saline (PBS) and a dye consisting of of 10% Alamar Blue™ solution and 90%
Dulbecco’s Modified Eagle’s Medium high-glucose solution was added; they were then
incubated for 3 h at 37 °C. During the 3D cell culture, after post-treatment incubation,
the tumour spheres were washed with PBS, trypsinised using 0.25% w /v trypsin-EDTA
solution, and incubated for 3h at 37 °C with a 10% Alamar Blue™ solution. Fluorescence
was measured using an excitation wavelength of 530 nm and an emission wavelength of
590 nm with a Varioskan™ LUX multimode microplate reader (Thermo Fisher Scientific,
Massachusetts, USA). All experiments consisted of at least three independent tests with a
minimum of 30 replicates per experiment, which were statistically analysed.

2.6.5. Live/Dead Cell Analysis Using Propidium Iodide (PI) for Flow Cytometry

The same procedure as for the 2D cell culture method was followed for flow cytometry.
Based on the ICs values, the concentration of each sample was selected against U-251MG
and A431 cells. After being treated with the samples, the plates were incubated at 37 °C
with 5% CO, for 6 days. The medium was then removed, and the cells were washed with
PBS and trypsinised, following PI staining for flow cytometry. The cells were then collected
from the samples into a single centrifuge tube for centrifugation at 250 g for 5 min. The
supernatant was aspirated, and the pellet was reconstituted in PBS (0.5% w/v). Pl was then
added to each cell suspension at 10 pg/mL and they were incubated in dark conditions for
1 min. Fluorescence was measured using the Beckman Coulter CytoFLEX Flow Cytometer
(Beckman Coulter, Inc., Brea, USA) with a blue laser at 488 nm.

2.7. Wound-Healing Assay for Cell Migration

The U-251MG cell line was selected for the scratch assay to evaluate the wound-healing
effects of the samples, as described by Shanmugapriya et al. [8,9]. Cells were cultured
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in Dulbecco’s Modified Eagle’s medium (DMEM) high glucose supplemented with 10%
foetal bovine serum (FBS) and 1% penicillin-streptomycin as antibiotics and maintained
in a humidified incubator containing 5% CO; at 37 °C in a standard flask. Cells were
subcultured with 0.25% w/v trypsin—-EDTA solution until they reached 80-90% confluence.
The wound-healing assay was used to assess cell migration in the samples. The cells were
subcultured at the desired density of 5 x 10° cells/well in a 6-well plate and incubated
overnight at 37 °C with 5% CO,. A scratch was created in the centre of the well and washed
with PBS. The cells were then treated with different concentrations of the samples and
serially diluted from 1% to 0.0078%, whereas 20% dimethyl sulfoxide (DMSO) was used
as a positive control and media were used as a negative control; following this, the cells
were further incubated. Images were captured at 0 h and 24 h incubation with an optical
microscope. All experiments were performed in triplicate. The level of cell migration was
calculated using Image] (IJ, 1.46r) and quantified using Equation (3).

Migrati 11 surf
Wound closure rate (%) = lgllliiolt(;?scjr f;;leraic;area x 100 3

2.8. Statistical Analysis

All experiments were performed in triplicate, independently of each other, with a
minimum of three replicates (n = 9) per experiment. All studies using seaweed samples
were evaluated using statistical analysis with GraphPad Prism version 10.2.0 for Windows,
GraphPad Software LLC, Boston, MA, USA. The significance level was determined by p-
values. Dose-response curves were obtained using nonlinear regression. Data are presented
as percentages, and the error bars of all figures adopt the standard error of the mean (SEM).
Multiple comparison analyses using two-way analysis of variance (ANOVA) with post hoc
Tukey’s tests were performed. The CytExpert software 2.4 (Version 2.4.0.28) was used for
the flow cytometry analysis, and the mean of FITC-A was used to plot the values in dot
plots and histograms.

3. Results and Discussion
3.1. Antioxidant Activity

The antioxidant potential was analysed using two specific chemical methods, namely
DPPH and FRAP. Both of these methods are widely used to determine/measure the ability
of bioactive compounds to act as free radical scavengers or hydrogen donors and to
evaluate the antioxidant activity of samples. In addition, they can also be used to quantify
antioxidants in complex biological systems [9].

The DPPH radical scavenging activity of the crude and molecular weight cut-off
samples of laminarin and fucoidan was observed to increase in a concentration-dependent
manner compared with the controls (Figure 1a). The samples were tested at different
concentrations using sterile distilled water as a solvent and serially diluted from 1 to
0.078 ug/mL. The results were analysed, and the values are expressed in triplicate, with
the mean and SD, respectively. The DPPH scavenging values were determined based
on the percentage inhibition using the calculation formula and were found to be 62.08%,
61.49%, and 60.1% for C.L., M.L., and S.L. and 60.39%, 54.49%, and 52.45% for C.F., ML.E,
and S.E, respectively. The FRAP values for each sample were found to be 48.41 uM TE/mg,
4430 uM TE/mg, and 42.35 uM TE/mg for C.L., M.L., and S.L. and 81.16 uM TE/mg,
79.11 uM TE/mg, and 72.16 uM TE/mg for C.F,, M.E,, and S.E,, respectively.
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Figure 1. Bioactive properties of laminarin and fucoidan samples in different antioxidant assays.
(a) 1,1-diphenyl-2-picryl-hydrazyl (DPPH) activity and (b) ferric-reducing antioxidant power (FRAP)
assays at different concentrations. The graph shows the sample concentration in pg/mL on the X-axis
and the percentage inhibition of antioxidant values on the Y-axis. All values represent the means of
triplicate results (n = 3, Mean =+ S.D.). Significant statistical differences in the antioxidant potential
are represented as * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. The seaweed samples used
for the study were crude laminarin (C.L.), an MWCO 10 kDa laminarin fraction (M.L.), a Sigma
laminarin standard (S.L.), crude fucoidan (C.E), an MWCO 10 kDa fucoidan fraction (M.E,), and a
Sigma fucoidan standard (S.F).

DPPH?* radicals may be neutralised either by direct reduction via electron transfer
or by radical quenching via hydrogen atom transfer [32]. The FRAP assay is based on
electron transfer, serving to evaluate the antioxidant potential. The FRAP values measure
the ability to reduce the TPTZ-Fe (III) complex to the TPTZ-Fe (II) complex [14]. The
FRAP values of the seaweed samples are shown in Figure 1b. The results showed higher
FRAP values (uM TE/mg) for the crude laminarin and molecular weight cut-off fucoidan
samples than other samples compared to the controls. Additionally, all samples had
higher reducing potential than the reference antioxidants used in this study. Regarding the
reducing ability measured with the FRAP assay, the samples ranged from higher to lower
concentrations. Specifically, this difference depends on their composition, which influences
their bioactivity [17,22]. The results showed a strong association between the DPPH radical
scavenging and FRAP antioxidant activity of the seaweed samples. Additionally, the high
antioxidant activity observed in brown seaweed extracts could be due to the presence
of both polyphenols and polysaccharide compounds. Similar results were observed in
many recent studies [20,32,41,42], indicating the high antioxidant potential of sulphated
polysaccharides from seaweed. A lower molecular weight and higher reducing sugar
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content enhance the biofunctional activity of seaweed bioactives [32,43]. Regarding brown
seaweed polysaccharides, laminarin and fucoidan have been reported to have biological
and pharmacological activity and be involved in specific human diseases, such as cancer,
severe brain and skin infections, neurodegeneration, and metabolic disorders [29,44].

3.2. Anti-Inflammatory Activity

The anti-inflammatory activity of the seaweed samples was analysed using the COX-1
and COX-2 enzymes. The anti-inflammatory activity of crude laminarin (C.L.), the MWCO
10 kDa laminarin fraction (M.L.), crude fucoidan (C.E), the MWCO 10 kDa fucoidan fraction
(M.E), and the reference drug (diclofenac sodium) with COX-1 and COX-2 is shown in
Figure 2. The results were 85.25% and 75.44% higher for crude laminarin and 84.77% and
76.75% higher for crude fucoidan than the molecular weight cut-off samples, as compared
with the reference standard (Figure 2). The ICsg and selectivity index (SI) values of the
samples with COX-1 and COX-2 are shown in Table 1. The anti-inflammatory effects
of seaweed samples are associated with the reduction of nitric oxide, free radicals, and
pro-inflammatory cytokines. These anti-inflammatory results highlight the therapeutic
potential of laminarin and fucoidan.
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Figure 2. Effects of anti-inflammatory activity of seaweed samples with COX-1 and COX-2. All
values represent the means of triplicate results and are expressed as the mean + SD. Statistically
significant differences in antioxidant potential are represented as * p < 0.05, ** p < 0.01, *** p < 0.001,
% p < 0.0001. Seaweed samples used were crude laminarin (C.L.), MWCO 10 kDa laminarin fraction
(M.L.), crude fucoidan (C.E.), MWCO 10 kDa fucoidan fraction (M.E), and reference drug (diclofenac
sodium) as R.D.

Table 1. Screening of anti-inflammatory activity of seaweed samples against COX-1 and COX-2.

ICs5p Value (ug/mL)

Sample Selectivity Index, SI
COX-1 COX-2
C.L. 48.96 42.74 1.06
M.L. 46.35 40.06 0.88
CFE 47.41 42.27 1.58
M.F. 44.59 40.01 0.83
R.D. 49.64 45.19 1.07

Seaweed samples used were crude laminarin (C.L.), MWCO 10 kDa laminarin fraction (M.L.), crude fucoidan
(C.E), MWCO 10 kDa fucoidan fraction (M.E.), and reference drug (diclofenac sodium) as R.D.
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There is increased interest in brown seaweed as a pharmacological source with bioac-
tive constituents due to its anticancer and antioxidant activity. Seaweed polysaccharides
have been reported to have various pharmacological properties, such as antioxidant, antimi-
crobial, anti-inflammatory, and anticoagulant activity [19,37,45]. Green technologies such as
conventional extraction and ultrasound extraction, used in the extraction of crude samples,
may enhance the inhibitory effects in the COX inhibitor screening assay compared with
commercial standards. Many research studies have reported the anti-inflammatory effects
of Laminaria species [36,37]. The anti-inflammatory mechanisms include the production
of prostaglandins and the inhibition of inflammatory reactions in enzyme synthesis [23].
Seaweed samples can also relieve symptoms related to human gastrointestinal disorders
and exhibit other anti-inflammatory health benefits by inhibiting COX enzymes [25,37].

3.3. Antidiabetic Activity

The antidiabetic activity of the seaweed samples was analysed using the DPP-4 in-
hibition assay at different concentrations. Greater inhibition was found for the C.L. and
C.F samples than the M.L. and M.F. samples. The highest inhibition values observed were
46.84% for C.L., 15.29% for M.L., 45.70% for S.L., 44.91% for C.F., 34.07% for M.F., and
43.87% for S.F. compared to the reference standard, sitagliptin, with a value of 49.87%
(Figure 3). As a result, the most promising crude seaweed extracts showed high DPP-4
inhibitory activity in a concentration-dependent manner.
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Figure 3. Screening of seaweed extracts for antidiabetic activity using dipeptidyl peptidase-4 (DPP-
4) inhibitory activity. The seaweed samples were analysed for the inhibition of DPP-4 at different
concentrations. All data represent the means of triplicate results and are represented as the mean =+ SD.
Statistically significant differences are represented with p-values (* p < 0.05, ** p < 0.01, **** p < 0.0001;
n =9). Seaweed samples used for the study were crude laminarin (C.L.), MWCO 10 kDa laminarin
fraction (M.L.), Sigma laminarin standard (S.L.), crude fucoidan (C.F.), MWCO 10 kDa fucoidan
fraction (M.E.), Sigma fucoidan standard (S.F.), and reference drug (R.D.).

DPP-4 inhibitors have a role in diabetic therapeutic treatment. Alpha-glucosidase
and alpha-amylase, together with lipids, are involved in the digestion of carbohydrates,
in addition to the activity of DPP-4 enzymes in the gastrointestinal tract. This mechanism
of action results in the breakdown of carbohydrates into glucose molecules [26,29]. Sup-
pressors delay carbohydrate digestion, which causes a reduction in the glucose absorption
rate and reduces the rise in the plasma glucose level [30,31]. Much research has focused on
the effective and safe inhibition of DPP-4 enzymes for the development of drugs for the
management of diabetes. The in vitro evaluation of the seaweed samples demonstrated
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that the crude samples exhibited high DPP-4 inhibitory potential and hence potential for
significant antidiabetic effects.

3.4. Cytotoxicity of Laminarin and Fucoidan in Cancer Cells in 2D and 3D Cell Culture Models

The cytotoxicity of the seaweed extracts was examined using the Alamar Blue™ cell
viability assay in order to evaluate the anticancer properties of laminarin and fucoidan [29].
The samples were treated against all cell lines (2D) with Alamar Blue dye for 2 days and
6 days and analysed for their cytotoxicity (Figures 4 and 5), as well as their IC5y values
and ranges (Table 2). Laminarin and fucoidan samples were treated using U-251MG 3D
tumour spheroids. The 3D cytotoxicity effect was analysed 6 days after post-treatment
incubation using the Alamar Blue cell viability assay (Figure 6), and their ICsj values are
shown in Table 3. The two-way ANOVA with the post hoc Tukey’s test showed significant
differences in cell viability between each concentration, post-treatment incubation period,
and cell line used.
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Figure 4. Cytotoxicity effects of different seaweed extracts in U-251MG human glioblastoma multi-
forme cells (a,b) and A431 human epidermoid carcinoma cells (c,d) at 2 days and 6 days post-treatment
incubation. All values are expressed as the mean + SD. Significant differences were analysed. Sea-
weed samples used for study were crude laminarin (C.L.), MWCO 10 kDa laminarin fraction (M.L.),
Sigma laminarin standard (S.L.), crude fucoidan (C.F.), MWCO 10 kDa fucoidan fraction (M.E.), and
Sigma fucoidan standard (S.F.).
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Figure 5. Cytotoxicity effects of different seaweed extracts in HepG2 human hepatoma cells (a,b),
Caco-2 human colorectal adenocarcinoma cells (c,d), and HEK293 human embryonic kidney cells
(e,f) at 2 days and 6 days of post-treatment incubation. All values are expressed as the mean + SD.

Significant differences were analysed. Seaweed samples used for study were crude laminarin (C.L.),
MWCO 10 kDa laminarin fraction (M.L.), Sigma laminarin standard (S.L.), crude fucoidan (C.E),
MWCO 10 kDa fucoidan fraction (M.E), and Sigma fucoidan standard (S.F.).

Table 2. The 2D cell culture results: summary of ICsy values and ICs) ranges in seaweed extracts
obtained with 2 days and 6 days of treatment in U-251MG, A431, HepG2, Caco-2, and HEK293.

2 Days 6 Days
Sample Cell Line
ICsp (ug/mL) ICsp Range ICsp (ug/mL) ICs5p Range
U-251MG 0.729 0.689 to 0.772 0.185 0.170 to 0.202
A431 0.717 0.242 to 2.351 0.433 0.392 to 0.479
C.L. HepG2 1.219 1.097 to 1.354 0.315 0.283 to 0.351
Caco-2 0.390 0.373 to 0.408 0.404 0.365 to 0.448
HEK293 2.841 2.323 to0 3.530 0.542 0.490 to 0.601
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2 Days 6 Days
Sample Cell Line
ICs0 (ug/mL) ICsp Range ICs (ug/mL) ICsp Range
U-251MG 1.124 1.040 to 1.214 0.185 0.296 to 0.334
A431 3.635 2.333 to 6.050 0.818 0.781 to 0.857
M.L. HepG2 1.318 1.152 to 1.508 0.749 0.638 to 0.882
Caco-2 1.283 1.186 to 1.389 0.840 0.767 to 0.920
HEK293 5.267 4.833 t0 5.770 0.703 0.649 to 0.763
U-251MG 4.591 4.287 t0 4.933 0.185 1.061 to 1.159
A431 15.26 6.865 to 15.39 1.955 1.772 to 2.159
S.L. HepG2 8.619 7.396 to 10.32 7.755 6.062 to 10.45
Caco-2 14.47 10.67 to 21.64 4515 4.094 to 5.006
HEK293 18.29 13.57 to 26.81 2.936 2.611 to 3.310
U-251MG 0.391 0.377 to 0.406 0.185 0.149 to 0.168
A431 0.498 0.458 to 0.542 0.216 0.192 to 0.244
CE HepG2 1.123 1.073 to 1.176 0.190 0.177 to 0.204
Caco-2 0.330 0.303 to 0.362 0.237 0.230 to 0.244
HEK293 2.092 1.875 to 2.342 0.465 0.438 to 0.494
U-251IMG 1.052 0.933 to 1.184 0.185 0.440 to 0.511
A431 1.707 1.548 to 1.883 0.329 0.304 to 0.357
M.F. HepG2 1.622 1.492 t0 1.763 0.559 0.461 to 0.679
Caco-2 0.717 0.654 to 0.786 0.586 0.512 to 0.672
HEK293 2.835 2.500 to 3.235 1.282 1.167 to 1.412
U-251MG 6.972 6.585 to 7.404 0.185 1.621 to 2.145
A431 9.520 4.088 to 11.37 1.601 1.517 to 1.731
S.E. HepG2 7.896 6.924 t0 9.164 10.80 9.095 to 13.30
Caco-2 6.046 5.166 to 7.211 4.376 4.035 to 4.763
HEK293 9.544 7.982 to 11.73 3.614 3.238 to 4.056

Seaweed samples used for study were crude laminarin (C.L.), MWCO 10 kDa laminarin fraction (M.L.), standard
laminarin (S.L.), crude fucoidan (C.E.), MWCO 10 kDa fucoidan fraction (M.F.), and standard fucoidan (S.F.).

Table 3. The 3D cell culture results: summary of IC5p and ICs( ranges in seaweed extracts obtained at
6 days of treatment in U-251MG cells.

6 Days
Sample
ICsp Value (ng/mL) ICsp Range
C.L. 8.583 7.639 to 9.644
M.L. 10.82 9.991 to 11.71
S.L. 30.00 24.60 to 36.60
CFE 7.237 6.625 to 7.906
M.FE. 18.98 16.58 to 21.73
S.E 33.51 27.01 to 41.56

Seaweed samples used for study were crude laminarin (C.L.), MWCO 10 kDa laminarin fraction (M.L.), Sigma
laminarin standard (S.L.), crude fucoidan (C.F.), MWCO 10 kDa fucoidan fraction (M.E.), and Sigma fucoidan
standard (S.E).

As obtained using the 2D cell culture method, the cytotoxicity of the different seaweed
extracts against different cell lines at 2 to 6 days of post-treatment incubation is shown in
Figures 4 and 5. The ICs values for all seaweed samples are shown in Table 2.

Three-dimensional cell culture models/systems have a strong ability to mimic tissue
structures, either from single cells or co-cultures. In 3D models, cell-cell communication and
differentiated cellular function are more physiologically relevant than in two-dimensional
cell culture models [39]. Morphological features that cannot be affected by 2D cultures
and that influence the behaviour of cancer cells and their microenvironments can be
examined [46—48].



Cells 2024, 13, 1938

14 of 20

150+

IERR AN

Cell Viability (%)

1 10 100 1000

Concentration (ug/mL)

Figure 6. (A) Effects of U-25IMG human glioblastoma 3D tumour spheres in in vitro cell culture model.
(B) A graph representing different seaweed extracts at 6 days post-treatment incubation. (a) Image
of U-25IMG 2D cells and (b) 3D tumour spheres in low adhesion using an optical microscope with
scale bar of 100 um. All values are expressed as the mean +SD. Significant differences were analysed.
Seaweed samples used for study were crude laminarin (C.L.), MWCO 10 kDa laminarin fraction
(M.L.), standard laminarin (S.L.), crude fucoidan (C.F.), MWCO 10 kDa fucoidan fraction (M.F.), and
standard fucoidan (S.E).

The cytotoxicity of the different seaweed extracts in U-251MG 3D tumour spheres
at 6 days of post-treatment incubation are shown in Figure 6. The ICsq values for all
seaweed samples are shown in Table 3. The two-way analysis of variance (ANOVA) with
Tukey’s multiple comparisons test demonstrated that there was a significant difference
(****p <0.001 vs. control) in tumour spheroid formation across the different seaweed
extracts. The live and dead cells were confirmed using flow cytometry (Figure 7). The
results confirmed that the crude seaweed samples showed higher programmed cell death
than the molecular weight cut-off samples.

Different mechanisms of cancer drug resistance are involved in the development
of targeted therapies. The tumour environment involves normal stromal cells (5C), the
extracellular matrix (ECM), cytokines, and growth factors [5,8]. The ECM plays a key
role in tumour progression, metastasis, angiogenesis, cytotoxicity resistance, and immune
cell modulation. Cancer cells show uncontrolled proliferation and can suppress cell death
through ROS, which act as secondary messengers. Drug resistance development is a serious
problem in the field of cancer. Many researchers have focused their research on the effects
of seaweed on cancer cells by using 2D monolayer cell cultures and confirmed their results
using animal models. In the present study, the effects of laminarin and fucoidan on cancer
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cells were investigated using 2D monolayer cell cultures [49-52] and a 3D tumour sphere
model. This is the first study to investigate laminarin and fucoidan extracts for the induction
of cytotoxicity in 3D tumour spheroids and compare them with molecular weight cut-off
samples. Tumour—tumour cell communication, tumour—stromal cell communication, and
the tumour-ECM interface contributes to direct cell interactions mediated by cancer drug
resistance [40,53]. A U-251MG 3D cell culture model can enable cell-cell and cell-ECM
interactions in all three dimensions and mimic the diffusion-limited distribution of oxygen,
nutrients, metabolites, and signalling molecules common in the in vivo microenvironments
of tumours [54,55]. The present study demonstrated that the cancer cells used were resistant
to the cellular stresses and agents/drugs/samples provided through cell mechanisms in
cancer drug resistance.
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Figure 7. (A) Analysis of flow cytometry data for seaweed samples. (a) U-251MG human glioblastoma
multiforme cells and (b) A431 human epidermoid carcinoma cells at 6 days post-treatment incubation.
(B) Flow cytometry data of seaweed samples at 6 days post-treatment incubation. (a) A graph
representing different samples in U-251MG human glioblastoma multiforme cells and (b) a graph
representing different samples in A431 human epidermoid carcinoma cells. The graph shows the total
number of apoptotic cells (%), represented as a bar chart, and we analysed the significant differences
(**** p < 0.0001 vs. PC. and N.C.). Seaweed samples used for study were crude laminarin (C.L.),
MWCO 10 kDa laminarin fraction (M.L.), Sigma laminarin standard (S.L.), crude fucoidan (C.E),
MWCO 10 kDa fucoidan fraction (M.F.), and Sigma fucoidan standard (S.E.); positive and negative
controls denoted as P.C. and N.C,, respectively.
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Specifically, the seaweed extracts tested against different cell lines demonstrated a dose-
dependent pattern in the cell proliferation rate [8,48]. The highest cytotoxicity observed in
the seaweed samples may have been due to the increased reactive oxygen and nitrogen
species, which play a major role in cancer cytotoxicity [5]. The results also proved that the
extracted laminarin could induce toxicity in cancer cells and minimise the toxic effects on
normal cells. There are several mechanisms involved, including the inactivation of the drug,
multidrug resistance, the inhibition of cell death (apoptosis suppression), changes in drug
metabolism, epigenetic and drug targets, enhanced DNA repair, and gene amplification,
which cause resistance to the specific treatment methods involved. Based on the present
results, these mechanisms need to be studied in further research.

In sulphate-modified laminarin extracts at 1.6 mg/mL, a decrease in cell proliferation
(by 86%) was observed by Ji et al. [56]. Laminarin has strong potential to suppress cell
viability, increase cell cycle arrest, and induce apoptosis in a dose-dependent manner [48].
Many studies have reported that laminarin inhibits cell growth, cell death by DNA frag-
mentation, reactive oxygen species production, and cell cycle progression in ovarian cancer
cells [47]. Laminarin has a significant effect on dendritic cell maturation and anticancer
immunity activation and was investigated as a novel immune stimulatory molecule for
cancer immunotherapy [57]. The assay used was performed to assess the cytotoxicity of the
sample, which plays a pivotal role in the immune system and tumour microenvironment.
Specifically, the bioactive compounds in the samples may trigger cytotoxic effects, either
through the activation of an apoptotic route or through a cytostatic effect that stops the
cellular cycle.

3.5. Wound-Healing Assay for Cell Migration

A wound-healing assay for cell migration was performed to analyse the seaweed
samples with U-251MG cells (Figure 8). A wound scratch area was captured at 0 h and
24 h in treated and controlled samples. The percentages of wound closure observed were
82.6 & 0.3% for C.L. and 87.9 £ 2.6% for C.E. The results confirmed that the crude samples
inhibited cell migration to a larger extent in U-251MG cells than the molecular cut-off
samples due to their potential effects on cell viability and toxicity against cancer cells.

Recent studies have investigated the extraction and engineering of biodegradable
biomaterials from marine sources for the development of natural skin products in cosmetics
applications, including skin tissue regeneration [29,58]. Laminarin and fucoidan have many
advantages for biomedical applications, including low cellular toxicity, biodegradability,
and biocompatibility, with a diverse array of bioactivity that could be potentially employed
in the wound-healing process [9,59-61]. The immunostimulatory activity influencing
wound healing is mediated by cell surface receptors via the direct and direct activation of
cytokines, keratinocytes, and fibroblasts [9].

A U-251MG cells

Incubation period, 24 h

Incubation period, 0 h

Figure 8. Cont.
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Figure 8. (A) Microscopic images captured at 0 h (a-g) and 24 h (h-n) after cell wounding in U-25IMG
cells and (B) wound closure rate (%) (n = 3; ** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. control at
24 h). Seaweed samples used for study were crude laminarin (C.L., (a,h)), MWCO 10 kDa laminarin
fraction (M.L., (b,i)), Sigma laminarin standard (S.L., (c,j)), crude fucoidan (C.E, (d k)), MWCO
10 kDa fucoidan fraction (M.E, (e 1)), and Sigma fucoidan standard (S.F,, (f,m)), compared with
control (g,n).

Previous studies report that laminarin enhances wound repair and stimulates tissue
regeneration, collagen deposition, and re-epithelialisation [60,61]. The bioactivity and
physicochemical characteristics of fucoidan have been demonstrated to include antitumour,
immunomodulatory, and antiviral effects. Fucoidan may also assist in the development of
effective treatments for tissue engineering and other skincare applications [59,60]. In previ-
ous studies, seaweed polysaccharides with different molecular weights were compared
with crude samples and shown to be potent inducers of wound closure and beneficial in
treating burns by improving cell migration and proliferation during wound repair [59,60].

4. Conclusions and Future Prospects

All laminarin and fucoidan samples investigated were demonstrated to have antioxi-
dant, anti-inflammatory, and antidiabetic activity and could contribute to cancer cell death
and inhibit cell proliferation. These results were demonstrated using standard assays
in the present study. The crude laminarin and fucoidan samples showed the strongest
cytotoxic effects against different cancer cells using 2D and 3D cell culture models of U-
251MG glioblastoma tumour spheres. This study suggests that seaweed bioactives offer
alternatives in treating different types of cancer and in biomedical applications.

Further research is necessary to demonstrate the biological potential of laminarin
and fucoidan bioactives for glioblastoma, cancer, and other related diseases. Additionally,
further studies are required to investigate the molecular reduction of seaweed bioactives
and their use as immunomodulatory and therapeutic agents for drug delivery and in food
and biomedical applications.
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