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Abstract: Background: Cancer remains one of the leading causes of mortality worldwide, while
natural antioxidants have emerged as promising therapeutic agents in cancer treatment. Although
fucoidan from brown algae shows anticancer potential, its efficacy is limited by bioavailability
challenges, and the synergistic effects of combining it with gold nanoparticles remain unexplored.
Methods: Fucoidan was extracted from Sargassum cinereum and Turbinaria decurrens using acid
precipitation. Gold nanoparticles (AuNPs) were manufactured by a green technique that employed
fucoidan as both a reducing and stabilizing agent. The nanoparticles were analyzed utilizing UV-Vis
spectroscopy, FTIR, TEM, XRD, and zeta potential assessment. Antioxidant activities were evaluated
utilizing DPPH and FRAP assays. Cytotoxicity was assessed against HepG2, THP-1, and BNL cells
utilizing MTT and SRB tests. Flow cytometry was utilized for cell cycle analysis, and molecular
docking was applied to examine interactions with cancer-associated proteins. Results: T. decurrens
yielded higher fucoidan extraction (235.9 mg/g dry weight) and demonstrated superior antioxidant
activity in Ferric Reducing Antioxidant Power (FRAP) (9.21 ug Trolox Equivalents /mg) and 2, 2-
Diphenyl-1-Picryl-Hydrazyl-Hydrate (DPPH) (4.48 ug Trolox Equivalents /mg) assays compared to
S. cinereum. Molecular docking revealed strong binding of fucoidan to cancer-related proteins,
particularly COX-2 (-7.1 kcal/mol) and TERT (-5.4 kcal/mol), while the fucoidan-gold nanoparticle
complex (F-AuNPs) showed enhanced cellular uptake and improved cytotoxicity against HepG2
cells (IC50: 392.81 pg/mL and 459.75 ug/mL for S. cinereum and T. decurrens formulations,
respectively). Conclusions: These findings suggest a promising synergistic approach for enhancing
fucoidan-gold nanoparticle therapeutic potential in cancer treatment through combined in vitro and
in silico analyses.

Keywords: fucoidan; gold nanoparticles; anticancer activity; antioxidant properties; molecular
docking; brown seaweed; cytotoxicity

1. Introduction

The usage of biological materials for various treatments and preventive measures has been a
common tradition worldwide. This trend has accelerated in recent years, with many pharmaceutical
companies working to extract and utilize potent bioactive diseases, chronic diseases, and even cancer
over chemically synthesized alternatives due to their significantly reduced or nonexistent side effects
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in the process [1]. The plant and marine materials used for cancer treatments belong to the family of
polyphenols, polysaccharides, peptides, and other bioactive constituents [2,3].

Seaweeds are a particularly rich source of bioactive compounds such as polyphenols,
polysaccharides, and peptides, which have shown promise in cancer treatment. A review by Pereira
& Valado [4] highlights the potential of seaweed-derived polysaccharides and phlorotannins in drug
discovery, demonstrating their applications in anticancer, antimicrobial, and anti-inflammatory
therapies. Studies have also demonstrated the antiproliferative effects of seaweed extracts. For
instance, aqueous extracts from Ecklonia maxima and Ulva rigida have been shown to induce apoptosis
in human liver cancer cells by promoting reactive oxygen species (ROS) production and disrupting
mitochondrial membranes [5]. Another study reviewed the role of seaweed oligosaccharides in
disease treatment, noting their therapeutic potential against cancer, diabetes, and obesity [6].
Furthermore, a study on Caulerpa lentillifera emphasized its bioactive components, including phenolic
compounds and polysaccharides, which exhibit antioxidant and anti-inflammatory properties
beneficial for cancer therapy [7].

Cancer is a group of diseases characterized by the uncontrolled growth of cells. The major types
of cancer include breast, lung, colon, melanoma, and lymphoma [8]. However, cancer remains a
complex and challenging disease for researchers, not only in medicine but also in the fields of biology,
chemistry, physics, and even computer science. As the nature of cancer becomes better understood,
treatment strategies continue to evolve, including chemotherapy, radiotherapy, and surgery.
However, these conventional therapies have long-term side effects, such as weakness, fatigue,
malnutrition, hair loss, nerve and muscle problems, and mental health issues. Due to these side
effects, many natural materials have been explored as alternative treatments for cancer, though their
effectiveness varies [9].

Among the promising natural compounds, Phaeophyceae species are extensively studied for their
bioactive composition, particularly their fucoidan content. These species are processed due to the
bioavailability and bioactive properties of fucoidan. Because a large number of additional assets are
deposited in the intracellular environment, Sargassum and Turbinaria algae have demonstrated
anticancer and antioxidant capacities [10]. Hence, an anticancer agent and a potent natural radical
scavenger and antioxidant can potentially be extracted from these algae. Fucoidans are natural
sulfated polysaccharides found in marine brown algae, characterized by unique chemical structures
with varying sulfation patterns, molecular weights, sugar compositions, and uronic acid content
depending on their sources [11]. Best practices in cancer therapy include four critical factors:
anticancer effects, chemical structure, antioxidant activity, and immune stimulation effects.
Remarkably, fucoidan has demonstrated anticancer and antioxidant properties in several case studies
[12]. The sulfated polysaccharides have the ability to interact with a wide variety of proteins,
including cytokines, enzymes, and growth factors, thereby regulating cell-dependent events [13-15].
Additionally, fucoidan can reduce the concentration of reactive oxygen species and enhance the
activity of various antioxidative enzymes, allowing for its potential use in drug design, particularly
for cancer treatment and neuroprotection [16]. However, the interaction between fucoidan and gold
nanoparticles remains an area that requires further scientific exploration [17].

On the other hand, gold nanoparticles (GNPs) possess unique properties, including inherent low
toxicity and various synthesis methods. GNPs have been prepared without exposure to hazardous
toxic materials and characterized without the need for a technician or sophisticated instruments.
Among the four methods applied to synthesize GNPs, the use of neutral aqueous herbal extracts
resulted in the most stable nanoparticles, demonstrating potential antioxidant and antitumor
properties [18]. However, the bioactivity potential of fucoidan combined with gold metal
nanoparticles is still not well understood [19].

In the present study, gold nanoparticles are synthesized using marine polysaccharides from
Sargassum cinereum and Turbinaria decurrens, followed by their characterization. Their potential
capabilities as antioxidant and anticancer agents are studied through comprehensive analysis. The
analysis and docking results from this study provide essential insights into how polysaccharides
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extracted from these marine sources, in combination with gold nanoparticles, can be effectively
utilized as anticancer and antioxidant agents [20].

Furthermore, the study investigates the applications of gold nanoparticles synthesized using
marine polysaccharides from Sargassum cinereum and Turbinaria decurrens in enhancing the
antioxidant and anticancer activities of fucoidan-gold nanoparticles. These effects are evaluated
through both in silico and in vitro analyses to assess their therapeutic potential.

2. Materials and Methods

2.1. Collection and Identification of Macroalgae Samples

Two species of fresh brown seaweeds were handpicked at 1 m depth from submerged rocks
from Hurghada city, Red Sea (27° 17" 13" N, 33° 46’ 21" E), during summer 2023 as the most abundant
species in that time. Algal samples were rinsed with seawater to remove sand, stored in plastic bags
with seawater to prevent evaporation, and transported on ice to the Taxonomy and Biodiversity
Laboratory, NIOF, Alexandria for identification. The samples were cleaned of epiphytes and debris,
rinsed with fresh water, and partially preserved in 5% formalin for taxonomic identification. The rest
were shade-dried at 25-30°C for 4-7 days, crushed into coarse powder and stored in airtight bottles
at —20°C.

Taxonomic identification followed the classification systems of Taylor [21-24] Species names
were confirmed using the AlgaeBase website [25] as T. decurrens Bory and S. cinereum ]. Agardh.

2.2. Extraction of Fucoidan

Fucoidan was extracted using the method of Tako [26], ten grams of powdered dry algae were
suspended in 200 mL of 0.05 M HCl and magnetically stirred for 2 hours at room temperature. The
extract was centrifuged at 4000 rpm for 20 minutes, and the supernatant was filtered. The filtrate was
neutralized with 0.5 M NaOH and then precipitated by adding ethanol in a 2:1 volume ratio. The
precipitated fucoidan was freeze-dried using a rotary evaporator. The fucoidan yield was expressed
as a percentage of the initial dry weight of the algae.

2.3. Preparation of Fucoidan Solution

Two grams of the extracted fucoidan powder were dissolved in 20 mL of distilled water with
magnetic stirring until a homogeneous solution was obtained. The mixture was then filtered using
Whatman GD/X syringe filters (1.2 pm pore size; Whatman, UK) to remove undissolved particles.
The filtered solution was store at 4°C for further use.

2.4. Biosynthesis of Gold Nanoparticles (AuNPs)

A 10 mL aliquot of the fucoidan solution was added to 90 mL of 1 mM gold chloride solution
(HAuCl4-3H20) and stirred magnetically at room temperature. The color change during the reaction,
indicating of AuNP formation, was monitored using a UV-Vis spectrophotometer (Cintra 303). After
formation, the AuNP solution was centrifuged at 10,000 rpm (Qiagen Sigma 4-15C) for 15 minutes,
and the collected AuNPs were used for subsequent applications.

2.5. Characterization of Au-NPs

The formation of AuNPs was confirmed using a UV-Vis spectrophotometer (UV 2101/PC)
operating in the range of 200-900 nm. The Fourier Trsnsform Infrared Spectroscopy FTIR spectrum
was recorded using a Perkin Elmer 1430 FTIR spectrophotometer. A pellet was prepared by mixing
5 mg of the material with 200 mg of FTIR-grade KBr. The pellet was placed in the sample holder, and
FTIR spectra were measured between 400 and 4000 cm™ [27].
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X-ray diffraction (XRD) analysis was performed using an XRD-6000 (SHIMADZU) with an
incident beam (A = 1.540598 A) in a 26 range of 5.1° to 80.1° to determine the diffraction pattern of the
AuNPs.

Transmission electron microscopy (TEM) imaging was conducted using Field Emission
Transmission Electron Microscopy (NRC QUANTA FEG250). For observation, 1020 uL of the
prepared AuNP solution was dried on a copper grid. Zeta potential, particle size, and size
distribution were analyzed using dynamic light scattering (DLS) with a Zetasizer Nano ZN
instrument at a fixed scattering angle of 173° and a constant temperature of 25 + 0.1°C to ensure the
stability of the synthesized AuNPs.

2.6. In Vitro
2.6.1. Antioxidant Activity

DPPH (2,2-Diphenyl-1-Picryl-Hydrazyl-Hydrate) Free Radical Scavenging Assay

The DPPH free radical scavenging assay was conducted according to Boly et al. [28] with
modifications from Elkhloly et al. [29]. A Trolox standard was used, and the AuNP solution was
prepared at a concentration of 2.5 mg/mL in distilled water. In a 96-well plate, 100 uL of freshly
prepared 0.1% DPPH reagent in methanol was mixed with 100 uL of the sample (n=3). The reaction
mixture was incubated in the dark at 50-70°C for 30 minutes. After incubation, the reduction in DPPH
color intensity was measured at 540 nm. The percentage of inhibition was calculated using the
following equation:

Average absorbance of blank - Average absorbance of the test %100

O/ i B il isi _
% inhibition Average absorbance of blank) (1)

Ferric Reducing Antioxidant Power (FRAP) Assay

The FRAP assay was performed as described by Benzie & Strain [30] with samples prepared at
12.5 mg/mL in distilled water. Trolox standards were prepared in methanol at concentrations ranging
from 25 to 400 pg/mL. The FRAP reagent consisted of 300 mM acetate buffer (pH 3.6), 10 mM TPTZ
(2,4,6-tripyridyl-s-triazine) in 40 mM HC], and 20 mM FeCl3 mixed in a 10:1:1 volumetric ratio. For
this assay, 190 pL of FRAP reagent was added to 10 pL of sample in a 96-well plate (n=3). The plate
was incubated at room temperature in darkness for 30 minutes, and absorbance was measured at 593
nm using a FluoStar Omega microplate reader. Results were expressed as pg Trolox equivalents per
mg of sample.

2.6.2. Cytotoxicity and Anticancer Effect

Cell Culture and General Conditions

Mouse liver cells (BNL), hepatocellular carcinoma cells (HepG2), and acute monocytic leukemia
cells (THP1) were obtained commercially (Signa aldrech) and cultured in the appropriate media. BNL
and HepG2 cells were maintained in DMEM medium, while THP1 cells were cultured in RPMI
medium. Both media were supplemented with 100 mg/mL streptomycin, 100 units/mL penicillin, and
10% heat-inactivated fetal bovine serum. All cultures were incubated at 37°C in a humidified
environment with 5% CO..

SRB Assay for Normal BNL Cells

The viability of BNL cells was assessed using the SRB assay. Cells (5 x 10%/well) were seeded into
96-well plates in 100 uL of medium and incubated for 24 hours. Subsequently, 100 uL of medium
containing AuNPs at various concentrations was added. After the treatment period, cells were fixed
with 150 pL of 10% trichloroacetic acid (TCA) at 4°C for 1 hour, rinsed five times with distilled water,
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and stained with 70 pL of 0.4% (w/v) SRB solution. After a 10-minute incubation in the dark at room
temperature, excess dye was removed by washing three times with 1% acetic acid. Plates were air-
dried overnight, and the bound dye was solubilized with 150 uL of 10 mM TRIS buffer. Absorbance
was measured at 540 nm using an Infinite F50 microplate reader (TECAN, Switzerland). Results were
expressed as a percentage of the control group.

MTT Assay for HepG2 Cells

HepG2 cell viability was evaluated using the MTT assay (3-[4,5-dimethylthiazol-2-yl]-2,5
diphenyl tetrazolium bromide). Cells (5 x 10%3/well) were seeded in 96-well plates and incubated for
24 hours. Subsequently, the medium was replaced with 100 uL of fresh medium containing different
concentrations of AuNPs. After 48 hours, the medium was removed, and 20 uL of 1 mg/mL MTT
solution in PBS was added. Following a 4-hour incubation at 37°C, formazan crystals were solubilized
in 100 uL of DMSO. Absorbance was measured at 570 nm using a FLUOstar Omega microplate reader
(BMGLABTECH, Germany).

WST-1 Assay for THP1 Cells

THP1 cell viability was assessed using the WST-1 assay (Abcam® kit, ab155902). Cells (5 x
103/well) were seeded in 96-well plates and incubated for 24 hours. Subsequently, cells were treated
with 50 pL of fresh medium containing AuNPs at different concentrations. After 24 hours, 10 pL of
WST-1 reagent was added to each well, and absorbance at 450 nm was measured after 1 hour using
an Infinite F50 microplate reader (TECAN, Switzerland).

2.6.3. Determination of Anticancer Effects

Cell Cycle Analysis by Flow Cytometry

HepG2 cells (1 x 105 were seeded and treated with AuNPs for 48 hours. After trypsinization,
cells were washed twice with ice-cold PBS (pH 7.4) and fixed in 2 mL of 60% ice-cold ethanol at 4°C
for 1 hour. Fixed cells were washed twice with PBS and resuspended in 1 mL of PBS containing 50
pug/mL RNAase A and 10 pug/mL propidium iodide (PI). After a 20-minute incubation in the dark at
37°C, DNA content was analyzed using flow cytometry (ACEA Novocyte™) with the FL2 detector
(Aex/em 535/617 nm). Data were processed using ACEA NovoExpress™ software, with 12,000 events
per sample analyzed. Cell cycle phase distribution was quantified.

2.7. In-Silico Study

2.7.1. Target Prediction

SwissTargetPrediction (http://www.swisstargetprediction.ch/) [31] was utilized to predict

potential biological targets of fucoidan in the Rat model. SwissTargetPrediction is a web-based tool
that predicts the most probable macromolecular targets of small molecules based on 2D and 3D
similarity measures with known ligands.

2.7.2. Protein Preparation

The three-dimensional structures of the ALOX (P12527), COX-2 (P35355), H3R (Q9QYNS), TERT
(Q673L6) and TYMS (UniProt ID: P45352) were obtained. The proteins were prepared for docking
using the AutoDockTools 1.5.6 suite [32]. All non-protein atoms, including crystallographic waters
and ligands, were removed. Polar hydrogen atoms were added, and the protein structures were
cleaned by merging non-polar hydrogen atoms and assigning Gasteiger charges.

2.7.3. Ligand Preparation

d0i:10.20944/preprints202502.2224.v1
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The three-dimensional structure of Fucoidan (PubChem: 204) and Au gold was prepared using
Avogadro 1.2.0 [33]. All ligand structures were prepared by adding hydrogen atoms, assigning
partial charges (Gasteiger method), and performing energy minimization using the UFF force field.

2.7 4. Binding Site Prediction

The potential binding site on the STAT3 protein was predicted using the CB-Dock web server
[34], which employs a deep learning-based approach for identifying putative binding pockets and
cavities.

2.7.5. Molecular Docking

Molecular docking simulations were performed using AutoDock 4.2 [35] with the genetic
algorithm. The AutoGrid 4 program was used to calculate grid maps for the predicted binding site
with a grid box size of 20 A x 20 A x 20 A and a grid spacing of 0.375 A. The following docking
parameters were used:

ga_pop_size: 500 (number of individuals in the population)

ga_num_evals: 2500000 (maximum number of energy evaluations)

ga_num_generations: 27000 (maximum number of generations)

The docking calculations were performed with a maximum of 10 conformations for the ligand,
and the results were ranked based on the estimated free energy of binding (predicted binding
affinity).

2.8. Statistical analysis

The statistical analysis was conducted using SPSS software (version 23, IBM Corp., Armonk, NY,
USA). All experiments were performed with three independent replicates. The analysis of variance
(ANOVA) was employed to determine the statistical significance of the differences among the
experimental groups. A post hoc analysis was carried out using the Tukey test to compare the means
between the groups. Statistical significance was set at p < 0.05.

3. Results

3.1. Identification of Macroalgae Samples

The collected seaweed species were identified and confirmed as Sargassum cinereum J.Agardh
and Turbinaria decurrens Bory by Algae base database [25] Figure 1 and Table 1.

Table 1. Identification of the collected seaweeds.

Empire: Eukaryota Empire: Eukaryota
Kingdom: Chromista Kingdom: Chromista
Subkingdom: Harosa Subkingdom: Harosa
Phylum: Ochrophyta Phylum: Ochrophyta
Class: Phaecophyceae Class: Phaeophyceae
Subclass: Fucophycidae Subclass: Fucophycidae
Order: Fucales Order: Fucales
Family: Sargassaceae Family: Sargassaceae

Genus: Sargassum Genus: Turbinaria

d0i:10.20944/preprints202502.2224.v1
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(A)

Figure 1. Photo of Morphological photographs of seaweeds collected from the shores of the Red Sea. (A) T.

decurrens Bory; (B) S. cinereum J. Agardh.

3.2. Extraction of Fucoidan

The extraction of fucoidan from the two brown algal species, T. decurrens yields a higher quantity
of fucoidan (235.9 mg/g dry weight) than S. cinereum (195.8 mg/g DW), suggesting it as a more

efficient source Figure 2.

W S. cinereum J.Agardh
Wl 7. decurrens Bory

Yeild of fucoidan

Algal species

Figure 2. Yield of fucoidan (mg/g dry weight) extracted from S. cinereum and T. decurrens.
3.3. Synthesis of Fucoidan Derived Gold Nano (F-AuNPs)

Morphological Visual Observations

The gradually occurring color change suggested the formation of F-AuNPs over time in both T.
decurrens and S. cinereum fucoidan extracts, showing a transition from yellow to reddish-brown as

shown in Figure 3A,B.

(A)

(B)
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Figure 3. Formation of F-AuNPs using: (A) S. cinereum and ; (B) T. decurrens fucoidan, showing a gradual color

shift from yellow to reddish-brown over 2 hours.
3.4. Characterization of Au-NPs

3.4.1. UV-vis Spectral Studies

When gold nanoparticles are present, they exhibit a brown coloration due to surface plasmon
resonance (SPR). This was demonstrated in studies of F-AuNPs derived from T. decurrens and S.
cinereum, which showed characteristic SPR peaks at 549 nm and 539 nm respectively Figure 4A, B.

(A) 0.4 (B) 04
= 549.00
5 03 : 03
.'E;. 539.00 E
S 024
§ 02 ‘ 3
g \/\ 2 o
< 014 = =
0.0 +——F————1—
0.0 — T 400 500 600 700 800
40 500 600 700 800 Wavelsngthiin}
Wavelength(nm)

Figure 4. UV absorption spectrum curve analysis for F-AuNPs (A) T. decurrens; (B) and S. cinereum.

3.4.2. Fucoidan-Gold Nanoparticle FT-IR Spectroscopy Analysis

The FT-IR spectra of fucoidan-synthesized gold nanoparticles (F-AuNPs) from T. decurrens and
S. cinereum were analyzed to confirm the presence of functional groups and binding patterns in
Figure 5. The spectra of both species exhibited characteristic absorption bands that indicate successful
functionalization of the gold nanoparticles with fucoidan. In the T. decurrens F-AuNPs spectrum,
prominent absorption bands were observed across several regions. The broad band around 3400 cm-
! corresponds to O-H stretching vibrations, indicating the presence of hydroxyl groups. The peaks in
the 2900-3000 cm-! region are attributed to C-H stretching vibrations of the pyranoid ring structure.
Notable absorption bands were also detected at approximately 1635 cm-! (C=O stretching) and 1420
cm™ (symmetric COO- stretching), confirming the presence of carboxylate groups. The characteristic
sulfate group signals were observed at 1240 cm™ (S=O stretching) and 850 cm™ (C-O-S bending),
indicating the retention of sulfated polysaccharide structure in the nanoparticle complex Figure 5A.
Similarly, the S. cinereum F-AuNPs spectrum displayed comparable functional group signatures,
though with some variations in peak intensities. The broad hydroxyl band was centered around 3420
cm-!, while C-H stretching vibrations appeared at 2918 cm™. The carboxylate group signals were
observed at 1640 cm-! and 1425 cm-!, while sulfate group absorptions were detected at 1235 cm-! and
845 cm-!. The presence of these characteristic bands confirms the successful coating of gold
nanoparticles with fucoidan polysaccharides. The FTIR analysis demonstrates successful
functionalization while maintaining the essential molecular characteristics of the polysaccharide
coating Figure 5B.
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Figure 5. FTIR Spectroscopy Analysis of F-AuNPs: (A) T. decurrens; (B) and S. cinereum.

3.4.3. X-Ray Diffraction Analysis of F-AuNPs

The crystalline nature of the synthesized fucoidan-gold nanoparticles (F-AuNPs) from T.
decurrens and S. cinereum was confirmed through XRD analysis as illustrated in Figure 6. The XRD
pattern of T. decurrens F-AuNPs revealed distinct diffraction peaks at 20 values of 13.87°, 28.44°,
31.84°, 38.36°, 40.53°, 44.53°, 64.87°, and 77.8°. Among these, the peaks at 38.36°, 44.53°, 64.87°, and
77.8° can be indexed to the (111), (200), (220), and (311) Bragg's reflections of the face-centered cubic
(fcc) structure of metallic gold, respectively. The additional peaks at lower angles (13.87°, 28.44°,
31.84°, and 40.53°) may be attributed to the crystalline nature of the fucoidan matrix Figure 6A.

Similarly, S. cinereum F-AuNPs exhibited characteristic peaks at 20 values of 11.49°,28.11°, 31.1°,
31.77°, 38.24°, 40.16°, 44.57°, 64.86°, and 77.76°. The peaks at 38.24°, 44.57°, 64.86°, and 77.76°
correspond to the (111), (200), (220), and (311) crystallographic planes of gold nanoparticles Figure
6B.
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These XRD patterns confirm that both seaweed species yielded crystalline gold nanoparticles
with a typical face-centered cubic structure, according to the Joint Committee on Powder Diffraction
Standards (JCPDS file no: ICDD-PDEF2). The presence of additional peaks suggests a complex
interaction between the fucoidan molecules and the gold nanoparticle surface, which could influence
the stability and biological properties of the synthesized F-AuNPs.

(A) (B)
1200 1200
5 =
l'i 900 o=|'i 900 -]
g 600 E 600-
t £
= 3004 300
0;0 20 30 40 50 60 70 80 f ' ! 'MM
10 20 30 40 50 60 70 80
Position (26) Position (20)

Figure 6. XRD pattern of F-AuNDPs: (A) T. decurrens F-AuNPs; (B) and S. cinereum.

3.4.4. Transmission Electron Microscopy (TEM) Analysis of F-AuNPs

The morphological characteristics and size distribution of the fucoidan-functionalized gold
nanoparticles (F-AuNPs) synthesized from T. decurrens and S. cinereum were examined using TEM at
different magnifications Figure 7.

The (TEM) micrographs of T. decurrens F-AuNPs revealed predominantly spherical particles
with some irregular shapes. Images taken at different scales (200 nm and 100 nm) demonstrated that
the nanoparticles were well-dispersed with some degree of aggregation. Particle size measurements
indicated dimensions ranging from approximately 4.5 nm to 59.47 nm, showing relatively uniform
size distribution Figure 7A.

Similarly, S. cinereum F-AuNPs exhibited mostly spherical morphology with occasional irregular
shapes. The TEM images at various magnifications (200 nm and 100 nm) showed well-defined
particles with some clustering. The particle size analysis revealed dimensions ranging from 4.95 nm
to 78.16 nm, indicating a slightly broader size distribution compared to T. decurrens F-AuNPs Figure
7B.

In both cases, the TEM analysis confirms the successful synthesis of gold nanoparticles with sizes
ranging from very small (4-8 nm) to relatively large particles (>50 nm). This size distribution pattern
suggests that while both seaweed species effectively facilitated the formation of gold nanoparticles,
the growth and aggregation processes resulted in a heterogeneous size population. The presence of
both smaller and larger particles might influence the overall properties and potential applications of
these F-AulNPs. Interestingly, the SAED pattern of AuNPs was also seen in Figure 7.The SAED
pattern highlights variations in crystallinity and grain size among the samples. Polycrystalline
characteristics are observed through the concentric rings. T. decurrens F-AuNPs exhibit more
prominent and distinct rings, indicating smaller and uniform grains, while S. cinereum F-AuNPs
display broader rings, suggesting larger or heterogeneous particle sizes. In the centre right corner,
the SAED structure is displayed.
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Figure 7. TEM images for F-AuNPs: (A) T. decurrens; (B) and S. cinereum and selected area electron diffraction
(SAED) pattern.

3.4.5. Zeta Potential Analysis

The results of Zeta potential analysis showed that the net charge of F-AuNPs from T.
decurrens was -24.4 mV, with a standard deviation of 5.23 mV and a conductivity of 2.01 mS/cm. In
comparison, the net charge of F-AuNPs from S. cinereum was -20.7 mV, with a standard deviation of
3.65 mV and a conductivity of 1.53 mS/cm. Moderate stability was expected for both F-AuNPs due to
the presence of ionic species and electrostatic repulsion. Turbinaria exhibited less variability in zeta
potential under the same conditions compared to Sargassum and showed slightly more stability over
time. This may be attributable to the magnitude of its zeta potential, despite a higher standard
deviation and thus variability in charge distribution, as shown in Figure 8A,B.
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Figure 8. Zeta potential analysis of F-AuNPs for: (A) T. decurrens; (B) and S. cinereum.
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3.5. Antioxidant activity

3.5.1. DPPH Free Radical Scavenging Assay

The DPPH assay results showed that the F-AuNPs produced by T. decurrens exhibited an
antioxidant activity of 3.44 ug Trolox equivalents per mg of sample (+ 0.11). On the other hand, the
F-AuNPs produced by S. cinereum showed higher antioxidant activity of 4.48 ug Trolox equivalents
per mg of material (+ 0.42). This indicates that the F-AuNPs produced by S. cinereum possess an
enhanced capacity to neutralize free radicals, emphasizing their prospective use in antioxidant-
related applications Table 2. The IC50 of trolox was 16.75, while IC50 of T. decurrensF-AuNPs was
18.31, S. cinereum F-AuNPs IC50 was 20.09.

Table 2. The DPPH assay of fucoidan gold nanoparticles(F-AuNPs) for two brown seaweeds.

Inhibition (%)
Concentrations (u S S. cinereum F-AuNPs T. decurrens F-
gm/ml) AuNPs
3.90 11.73+0.21 10.82+0.11 12.05+0.41
7.81 25.92+039 21.61+0.08 24.07+0.36
15.60 47.15+0.42 43.23+0.13 39.06+0.12
25.00 68.64+0.15 66.19+0.09 62.49+0.31
31.25 83.80+0.18 80.49+0.19 78.11+0.31

3.5.2. Ferric Reducing Antioxidant Power (FRAP) Assay

The FRAP assay results showed that F-AuNPs produced by Turbinaria decurrens exhibited a
ferric-reducing antioxidant power of 9.21 ug Trolox equivalents per mg sample (+ 0.30), whereas F-
AuNPs produced by S. cinereum exhibited a slightly lower activity of 8.42 ug Trolox equivalents per
mg sample (+ 0.27). The results indicate that T. decurrens exhibits a greater ability to decrease ferric
ions Table 3.

Table 3. FRAP assay of fucoidan gold nanoparticles(F-AuNPs) for two brown seaweeds.

Inhibition (%)
Concentrations (u S. cinereum F- T. decurrens F-
gm/ml) Trolox AuNPs AuNPs
25 0.09+0.17 0.07+0.27 0.07+0.30
50 0.15+0.28 0.14+0.32 0.14+0.11
100 0.34+0.16 0.28+0.45 0.28+0.17
200 0.65+0.08 0.56+0.31 0.57+0.12
400 1.40+0.15 1.12+0.28 1.14+0.19

3.6. SRB Assay for Normal BNL Cells

The cytotoxic effects of the two formulations on BNL (mouse normal liver) cells were evaluated
using the SRB assay. The results revealed that, both formulations had IC50 values of more than 300
ug/mL, indicating low cytotoxicity against normal liver cells. This indicates that the tested
formulations are minimally toxic within the tested concentration range and are not likely to harm
normal liver cells at these doses Figure 9A-D.
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Figure 9. SRB Assay for Normal BNL Cells: (A) T. decurrens; (B) S. cinereum (C) IC50 of F-AuNPs T. decurrens
and (D) IC50 of F-AuNPs S. cinereum. .

3.7. MTT Assay for HepG2 Cells and SRB Assay for THP1

The MTT test is a sensitive colorimetric technique measuring determining the total number of
viabilities in cell multiplication and cytotoxic activity experiments.

Fucoidan-derived gold nanoparticles (F-AuNPs) synthesized from T. decurrens and S. cinereum
were assessed for their cytotoxicity towards hepatocellular carcinoma cells (HepG2) via the MTT
assay and acute monocytic leukaemia cells (THP1) using the WST-1 assay. It was found that F-AuNPs
of T. decurrens (459.75 ug/mL) and S. cinereum (392.81 ug/mL) displayed prominent cytotoxicity
against HepG2 cells. Thus, these observations illustrate that F-AuNPs, especially from S. cinereum,
have promise as an anticancer agent against HepG2 cells Figure 10A & B.

In contrast to this, the two formulations exhibited IC50 values above 400 pg/mL on THP1 cells,
sugesting low cytotoxicity within the tested concentration range. These results suggest that the
formulations are relatively non-toxic to THP1 cells and warrant further exoloration for safety profiles
and potential therapeutic applications Figure 10C &D.
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Figure 10. HepG1 (MTT) assay for: (A) T. decurrens F-AuNPs; (B) S. cinereum F-AuNPs; (C) THP1 (SRB)
assay of F-AuNPs T. decurrens; and (D) F-AuNPs S. cinereum.

3.8. Cell Cycle Analysis by Flow Cytometry

Flow cytometry analysis evaluated the effect of F-AuNPs synthesized from T.decurrens and S.
cinereum on the cell cycle distribution of hepatocellular carcinoma cells (HepG2) in different phases
of the cell cycle (GO/G1, S, and G2/M) to assess potential antiproliferative effects. The control group's
cell distribution was as follows: G0/G1 accounted for (54.90%) of the total, S phase (17.58%), and
G2/M for about (27.52%). In contrast, cells exposed to formulation T exhibited a significant increase
in the GO/G1 phase (67.08%), alongside a notable decrease in the S phase (10.06%), G2/M about
(22.69%), and a minor Sub-G1 population, indicating minimal apoptotic activity. These results
indicate that Formulation T induces G0O/G1 phase arrest, highlighting its antiproliferative effect by
halting the progression of cells into the S phase.

For Formulation S, a comparable effect was observed resulting in an increased GO/G1 phase
population (67.89%) and a decreased S phase population (11.77%), with G2/M comprising about
20.23%, along with a minor Sub-G1 population. The results indicate that Formulation S, similar to
Formulation T, produces G0/G1 phase arrest, thereby inhibiting the transition of cells into the S phase.
The data collectively indicate that both formulations possess antiproliferative effects via modifying
the normal cell cycle distribution in HepG2 cells, mainly by affecting the GO/G1 phase Figure 11A-C
and Figure 12.
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Figure 12. Comparison of cell cycle distribution across different phases (G1, S, and G2/M) in HepG2 cells treated

with Formulations T and S, compared to the control.

3.9. Molecular Docking

Molecular docking was performed to investigate the interaction between F-AuNPs with target
proteins to predict inhibition, with the results presented in Figure 13 A-Fand Table 4.

The molecular docking study illustrated interactions between fucoidan-gold nanoparticles (F-
AuNPs) and target proteins, as illustrated in Fig. 14. The F-AuNPs exhibited notable binding affinities
for multiple target proteins. Arachidonate 5-lipoxygenase (ALOX5) exhibited a binding energy of (-
4.07 kcal/mol). The dioxygenase is crucial in leukotriene biosynthesis and lipid peroxidation,
significantly affecting inflammation and cell death mechanisms, such as apoptosis, pyroptosis, and
ferroptosis.

These results suggest that F-AuNPs may inhibit oxidative stress and inflammation by targeting
ALOX5 and COX-2, thereby reducing lipid peroxidation and pro-inflammatory mediators. This
mechanism correlates with the observed antioxidant activity in DPPH and FRAP assays, highlighting
the enhanced free radical scavenging capabilities of F-AuNPs derived from S. cinereun and T.
decurrens. Additionally, the interaction with TERT suggests the potential of F-AuNPs to inhibit
telomerase activity, a critical factor in cancer cell proliferation and immortality, which is supported
by the observed GO/G1 cell cycle arrest in HepG2 cells. Furthermore, interactions with TYMS and
CDKs indicate an inhibition of DNA synthesis and cell cycle progression, reinforcing the
antiproliferative effects noted in the cytotoxicity assays. The strong binding affinity to H3R suggests
an immunomodulatory role, which may complement the anticancer effects of F-AuNPs. The
conjugation of fucoidan with gold nanoparticles likely enhances cellular uptake and stability, as


https://doi.org/10.20944/preprints202502.2224.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 February 2025

d0i:10.20944/preprints202502.2224.v1

16 of 24

demonstrated by lower IC50 values and superior antioxidant activity compared to fucoidan alone.
These findings bridge the in silico and in vitro analyses, providing a robust mechanistic foundation
for the therapeutic potential of F-AuNPs in oxidative stress-related diseases and cancer.
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Figure 13. Molecular docking analysis: (A) (2D and 3D) Binding of F-Au NAPs with the active sites of
Arachidonate 5-lipoxygenase; (B) (2D and 3D) Binding of F-Au NAPs with the active sites transcriptase; (C) (2D
and 3D) Binding of F- Au NAPs with the active sites of Telomerase reverse transcriptase. (D) 2D and 3D) Binding
of F- Au NAPs with the active sites of Thymidylate synthase; (E) (2D and 3D) Binding of F- Au NAPs with the
active sites of Histamine H3 receptor; (F) (2D and 3D) Binding of F- Au NAPs with the active sites of Cyclin-

Dependent Kinases.

Table 4. Molecular docking results in terms of the binding energy of F-Au NAPs with protein receptors.

Binding affinity
No. Receptors Nanoparticles
(Kcal/mol)
1 Arachidonate 5-lipoxygenase F-Au NAPs -4.07
2 Cyclooxygenase-2 F-Au NAPs -4.15
3 Telomerase reverse transcriptase F-Au NAPs -3.98
4 Thymidylate synthase F-Au NAPs -4.06
5 Histamine H3 receptor F-Au NAPs -5.07
6 Cyclin-Dependent Kinases F-Au NAPs -1.99

4. Discussion

The variations in fucoidan yield may be attributed to differences in species-specific cell wall
compositions, polysaccharide structures, or environmental factors influencing algal growth [36].
Previous studies have reported that extraction conditions, including pH, temperature, and solvent
ratio, significantly impact the yield and purity of fucoidan [37]. T. decurrens yielding 23.8% of its dry
weight appears exceptionally high, surpassing S. cinereum yields. This highlights its strong potential
as a commercially viable fucoidan source, provided extraction parameters are optimized. A similar
study on Turbinaria sp. from Indonesia reported the highest yield among three tested brown
seaweeds [38].

UV-visible spectroscopy is a widely used analytical method that employs light wavelengths
between 400-800 nm to characterize metal nanoparticles ranging from 2-100 nm in size [39]. For
specific metals, distinct wavelength ranges are used: silver nanoparticles are typically characterized
at 400-450 nm [40], while gold nanoparticles are analyzed at 500-550 nm [41]. When gold
nanoparticles are present, they exhibit a brown coloration due to surface plasmon resonance (SPR).
This was demonstrated in studies of F-AuNPs derived from T. decurrens and S. cinereum, which
showed characteristic SPR peaks at 549 nm and 539 nm respectively. The SPR absorption is highly
dependent on several factors including the particles' nature, dimensions, geometric configuration,
and their spacing relative to each other [42].

In the T. decurrens F-AuNPs spectrum, prominent absorption bands were observed across
several regions indicating the retention of sulfated polysaccharide structure in the nanoparticle
complex. This is similar to observations reported by El-Sheekh et al. [37] and Lee et al. [43].
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Similarly, the spectrum of S. cinereun F-AuNPs displayed comparable functional group
signatures, although with some variations in peak intensities. The presence of these characteristic
bands confirms the successful coating of gold nanoparticles with fucoidan polysaccharides.

The crystalline nature of the synthesized fucoidan-gold nanoparticles (F-AuNPs) from T.
decurrens and S. cinereum was confirmed through XRD analysis. The XRD patterns revealed
characteristic peaks that are consistent with the face-centered cubic (fcc) crystalline structure of gold
nanoparticles [44]. The XRD pattern of T. decurrens F-AuNPs revealed distinct diffraction peaks, while
the additional peaks likely represent the crystalline structure of the fucoidan coating [39].

The core diameter of the AuNPs was 18.5 nm semi-spherical [45] and almost uniformly-sized.
The addition of sodium citrate made it possible to achieve the homogeneity in the size and shape of
AuNPs [42,43].

The size of nanogold particles varies depending on synthesis methods, stabilizers, and biological
sources. Transmission electron microscopy (TEM) analysis of T. decurrens F-AuNPs revealed
predominantly spherical particles with some irregular shapes, ranging from 4.5 nm to 59.47 nm, while
S. cinereum F-AuNPs exhibited a similar morphology with a size range of 4.95 nm to 78.16 nm.
Comparable studies on gold nanoparticles synthesized from Rhaphidophora aurea extracts reported
spherical particles with diameters of 10 nm to 35 nm [46].

In another study, a lycopene-gold nanoemulsion showed nanogold particle sizes averaging 3.3
nm to 4.7 nm, as determined by TEM [41]. Similarly, Au nanoparticles used in catalysis displayed
sizes influenced by dopant modifications, with TEM confirming the changes [47]. Most of the
nanoparticles formed by this green method are well separated, and have a diameter in the range of
10-50 nm with an average particle size of 39 + 2 nm [48]. These findings indicate that nanogold
particle sizes fall within the observed range of T. decurrens and S. cinereum F-AuNPs, confirming their
nanoscale properties. Further optimization in synthesis methods can influence size distribution and
morphology for targeted applications.

SAED pattern highlights variations in crystallinity and grain size among the samples. NPs are
semi-spherically shaped with smooth geometry. The ultrasonic power is responsible for the
formation and collapse of the bubbles. These bubbles produce hot spots, which have intense local
temperatures (~5000 K) and pressures (~1000 atm), sometimes identified as a micro-reactors [49].
Moreover, the collapse of the bubble leads to an intense flow of power within the solution. The size
of the nanoparticles is therefore formed under crucial conditions through ultrasonic power via the
cavitation process [44].

According to the face-centered cubic structure of biosynthesized gold nanoparticles, the spots in
the selected area electron diffraction (SAED) pattern are indexed and reveal that the particles are
single, and crystalline in nature [48].

The results of Zeta potential showed that the net charge of F-AuNPs from T. decurrens was -24.4
mV, with a standard deviation of 5.23 mV and a conductivity of 2.01 mS/cm, in comparison, the net
charge of F-AuNPs from S.argassum cinereumwas -20.7 mV, with a standard deviation of 3.65 mV and
a conductivity of 1.53 mS/cm, respectively.

For biomedical applications, nanoparticles must be stable and homogeneously dispersed in
biological media [50]. Zeta potential values ranging from 0 to +5 mV indicate rapid agglomeration
and suspension precipitation, #10 to +30 mV are incipient instability, +30 to #40 mV denote moderate
stability, while +40 to +60 mV denote good suspension stability [51,52]

The negative sign of the zeta potential is attributed to adsorbed negative ions such as hydroxide
anions (OH-) derived from the aqueous medium [50]. This negative charge can be attributed to the
absorption of citrate onto the surface of Au [51]. These high negative values of zeta potential for
AuNPs confirmed the presence of negatively charged carboxylate groups on the surface of the
nanoparticles. The repulsion force between suspended particles is caused by zeta potential, which
increases with the increase in surface charge of the particles suspended in the solution [45].
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The sonochemical method can be a valuable tool for the preparation of AuNPs because the high
energy generated by the radiation waves prevents cluster agglomeration and results in stable
dispersion [53].

The MTT test is a highly sensitive colorimetric technique used for determining the total number
of viable cell multiplication and cytotoxicity activity experiments. It was found that F-AuNPs of T.
decurrens (459.75 ug/mL) and S. cinereum (392.81 ug/mL) displayed prominent cytotoxicity against
HepG2 cells. In contrast, the two formulations exhibited IC50 values on THP1 cells that were higher
than 400 pg/mL, indicating low cytotoxicity within the concentration range tested. Nanoparticles
with cell viability above 70% have been reported to be suitable as biocompatible material [54].
Therefore, the synthesized AuNPs have the potential to be used as biocompatible diagnostic
nanoprobes [44]. This study suggested that AuNPs could be cytotoxic to HepG2 cells. AuNPs smaller
than 10 nm have effectively entered and accumulated in tumors cells and thereby induced cell death
[55,56]. Previous studies have also reported the antiproliferative potential of AuNPs in the colon, [57]
breast, [58] cholangiocarcinoma,[59] cervical, and ovarian [60] cancer cell lines and our current results
are consistent with the above studies. These studies show that regardless of the mode of synthesis
(chemical, phyto, and microbial), AuNPs have the potential to inhibit the proliferation of cancer cells
[61]. The experimental results proved the excellent anticancer activity of gold nanoparticles against
the HeLa cell line [62,63]. Applying AuNPs for medical purposes, Hamed as well as some co-workers
showed anticancer properties versus carcinoma cell lines [64].

The antioxidant potential of F-AuNPs synthesized from T. decurrens and S. cinereum was
evaluated using both the DPPH free radical scavenging assay and the FRAP assay. The DPPH assay
revealed that S. cinereum-derived F-AuNPs exhibited a higher free radical scavenging activity (4.48
pug Trolox equivalents/mg) compared to T. decurrens-derived F-AuNPs (3.44 ug Trolox
equivalents/mg). This suggests that S. cinereum F-AuNPs may be more effective in neutralizing free
radicals, making them promising candidates for applications requiring strong radical-scavenging
properties, such as pharmaceutical and cosmetic formulations.

In contrast, the FRAP assay showed that T. decurrens F-AuNPs exhibited a greater ferric-
reducing power (9.21 pg Trolox equivalents/mg) compared to S. cinereum (8.42 pg Trolox
equivalents/mg). This suggests that while S. cinereum may be superior in free radical scavenging, T.
decurrens exhibits a better capacity for electron donation, which is crucial in redox-based applications.
The observed differences in antioxidant activity between T. decurrens and S. cinereum F-AuNPs could
be linked to variations in fucoidan structure. Studies have shown that fucoidan can enhance the
bioactivity of gold nanoparticles by improving their stability and radical-scavenging potential.

Research by Barakat et al. [65] demonstrated that ulvan, another sulfated polysaccharide from
Ulva fasciata, contributed to strong antioxidant activity in synthesized nanoparticles. Similarly,
fucoidan extracted from Sargassum and Turbinaria species may play a crucial role in the antioxidant
performance of their respective F-AuNPs by providing functional groups that facilitate electron
donation and free radical neutralization. Previous studies have reported that F-NPs exhibit enhanced
DPPH scavenging and FRAP activity due to their polysaccharide-mediated surface modifications
[66].

These findings suggest that fucoidan could be a key factor in modulating the antioxidant
capacity of T. decurrens and S. cinereum F-AuNPs. Further studies on the structural characterization
of fucoidan in these species and its specific role in nanoparticle synthesis could provide deeper
insights into optimizing their antioxidant potential for biomedical and pharmaceutical applications.

The molecular docking study demonstrated interactions between fucoidan-gold nanoparticles
(F-AuNPs) and target proteins. The F-AuNPs exhibited notable binding affinities for multiple target
proteins. Arachidonate 5-lipoxygenase (ALOX5) exhibited a binding energy of (-4.07
kcal/mol).Dioxygenase is essential in leukotriene biosynthesis and lipid peroxidation, significantly
affecting inflammation and cell death mechanisms, such as apoptosis, pyroptosis, and ferroptosis.
ALOXS5 activity is modulated by factors including protein phosphorylation, redox state, and metal
ions, indicating its potential as a therapeutic target in conditions associated with dysregulated
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inflammation and cell death [67]. A study conducted by that examined significant findings within
their research domain.

Cyclooxygenase-2 (COX-2, -4.15 kcal/mol) is crucial role in cancer progression by promoting
facilitates chronic inflammation and the production of prostaglandin E2 (PGE2). This process
stimulates angiogenesis, cellular proliferation, and metastasis via pathways including VEGF, MAPK,
and PI3K/AKT [68]. Telomerase Reverse Transcriptase (TERT, -3.98 kcal/mol), TERT/telomerase is
essential in cancer as it facilitates cellular immortalization by stabilizing telomere length, thereby
circumventing the barrier of replicative senescence. In addition to its role in telomere maintenance,
TERT contributes to tumor progression by promoting cell proliferation, increasing resistance to
apoptosis, facilitating genomic instability, and modulating oncogenic signaling pathways. Therefore,
TERT serves as a critical driver in cancer development and progression [69].

Thymidylate Synthase (TYMS, -4.06 kcal/mol) Thymidylate synthase (TS) is an essential enzyme
in DNA synthesis, promoting the conversion of deoxyuridine monophosphate (dUMP) to
deoxythymidine monophosphate (dATMP), which is vital for DNA replication and repair. TS is often
overexpressed in neoplastic cells, increasing uncontrolled proliferation and contributing to treatment
resistance [70], Histamine H3 Receptor (H3R, -5.07 kcal/mol) The histamine Hj receptor (H3R) is
essential in cancer progression, particularly in prostate cancer, where the overexpression of it
facilitates tumor growth, invasion, and metastasis. It influences essential pathways, including
androgen receptor (AR) signaling, which is vital for the development of prostate cancer cells.
Activation of H3R increases cell survival through enhancing the expression of anti-apoptotic proteins
such as BCL-2 and inhibiting apoptosis [71]. Cyclin-Dependent Kinases (CDKs,-1.99kcal/mol).
CDK11 regulates the cell cycle, specifically during the G2/M phase, facilitating accurate cell division.
It additionally facilitates transcription and RNA processing. The overexpression of CDK11 in cancer
facilitates tumor proliferation, rendering it a potential target for pharmacological intervention [72].

5. Conclusions

These results suggest that F-AuNPs may inhibit oxidative stress and inflammation by targeting
ALOX5 and COX-2, thereby reducing lipid peroxidation and pro-inflammatory mediators. This
mechanism correlates with the observed antioxidant activity in DPPH and FRAP assays, highlighting
the enhanced free radical scavenging capabilities of F-AuNPs derived from S. cinereum and T.
decurrens. Additionally, the interaction with TERT suggests the potential of F-AuNPs to inhibit
telomerase activity, a critical factor in cancer cell proliferation and immortality, which is supported
by the observed G0/G1 cell cycle arrest in HepG2 cells. Furthermore, interactions with TYMS and
CDKs indicate an inhibition of DNA synthesis and cell cycle progression, reinforcing the
antiproliferative effects noted in the cytotoxicity assays. The strong binding affinity to H3R suggests
an immunomodulatory role, which may complement the anticancer effects of F-AuNPs. The
conjugation of fucoidan with gold nanoparticles likely enhances cellular uptake and stability, as
demonstrated by lower IC50 values and superior antioxidant activity compared to fucoidan alone.
These findings bridge the in silico and in vitro analyses, providing a robust mechanistic foundation
for the therapeutic potential of F-AuNDPs in oxidative stress-related diseases and cancer.
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