Open Access Article. Published on 12 February 2026. Downloaded on 3/18/2026 10:27:22 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC

Pharmaceutics

ROYAL SOCIETY

N
PPN OF CHEMISTRY

View Article Online

View Journal

‘ '.) Check for updates

Cite this: DOI: 10.1039/d5pm00362h

Received 2nd December 2025,
Accepted 6th February 2026

DOI: 10.1039/d5pm00362h

rsc.li/RSCPharma

Introduction

Fucoidan/bis-MPA-based dendrimer nanoparticles
with intrinsic anti-angiogenic activity for oncology
applications

Filipe Olim,® Ana Duarte,® Ana Rute Neves,? Irene Rodriguez-Clemente,”
Joel T. Kidgell, Barbara C. Wimmer.© Valentin Cefia 2 ® and Helena Tomas ) *2

Nanoparticles with intrinsic anti-angiogenic activity hold strong promise in cancer nanomedicine, as they
can both help suppress metastasis and deliver therapeutics, offering a dual strategy for addressing the
disease. In this study, fucoidans from F. vesiculosus and U. pinnatifida with two different molecular
weights (My) of each were initially screened for in vitro anti-angiogenic potential using the tube formation
assay with HUVEC cells. The higher Myy fucoidans, which represent native My fucoidan, exhibited greater
anti-angiogenic activity and were subsequently combined with 2,2-bis(hydroxymethyl)propionic acid
(bis-MPA)-based dendrimers (generation 2) at different fucoidan/dendrimer (F/D) mass ratios to form
self-assembled nanoparticles through electrostatic interactions. Optimisation yielded two nanoparticle
types with positive (F/D = 1:2) and negative (F/D = 2:1) zeta potentials, which were characterised for
their physicochemical properties, including hydrodynamic diameter, zeta potential, chemical composition
(FTIR), and morphology (TEM). These nanoparticles presented a near-spherical shape, were cytocompati-
ble, and did not cause haemolysis. Positively charged nanoparticles showed stronger anti-angiogenic
activity than negatively charged ones. Since the dendrimers alone were also anti-angiogenic, the overall
effect likely results from the combined contribution of both components, with nanoparticle assembly
potentially playing a role. Overall, these findings highlight the potential of fucoidan/dendrimer nano-
particles as multifunctional platforms for cancer nanomedicine, by targeting angiogenesis and potentially
serving as drug or gene delivery systems.

Nanomedicine offers diverse approaches for addressing
angiogenesis in tumours.® Firstly, nanomaterials can serve as

Angiogenesis, the process of forming new blood vessels from
existing ones, plays a critical role in the growth and progression
of malignant tumours."* By facilitating the supply of oxygen
and nutrients, angiogenesis supports the development of solid
tumours and provides a pathway for tumour cells to spread
throughout the body, leading to metastasis. Recognizing the
importance of angiogenesis in cancer therapy, researchers have
explored the use of angiogenesis blockade therapy.** However,
these angiogenesis blockade agents face challenges such as
limited efficacy, the occurrence of treatment resistance, and sig-
nificant adverse effects.> Consequently, the search for new anti-
angiogenic molecules continues, alongside investigations into
innovative administration techniques that hold promise for
more effective cancer therapies.
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drug delivery systems, not only transporting cytostatic anti-
cancer drugs but also carrying angiogenesis blockade agents.
Due to the abnormal and more permeable nature of newly
formed vessels in tumours, along with insufficient lymphatic
drainage, these nanomaterials tend to accumulate within the
tumour site. This phenomenon, known as the enhanced per-
meability and retention (EPR) effect, enables passive targeting
of the tumour. Alternatively, nanomaterials can be specifically
designed to actively target biological receptors by functionaliz-
ing their surfaces with chemical groups or biomolecules, such
as antibodies. This affinity of a nanomaterial for a receptor
can be used as an anti-angiogenesis strategy too, as pro-angio-
genic factors (like VEGF) or their correspondent receptors can
be inactivated in this way. In fact, one expects that the combi-
nation of passive and active targeting will result in an
enhanced delivery and action of therapeutic agents concomi-
tantly with fewer side effects for the patient.

Fucoidan, a remarkable molecule, can be extracted from
the cell walls of various species of brown seaweeds.””® Native
fucoidan is an anionic, polydisperse, and high-molecular-
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weight polysaccharide that may present varying degrees of sul-
fation, differences in constituent sugar composition, peak
molecular weight (My,) and degree of branching. While its
backbone primarily consists of the deoxy monosaccharide
t-fucose, it also encompasses several other sugars like galac-
tose, xylose, mannose, arabinose, and rhamnose. The back-
bone itself is formed by glycosidic bonds that may be a(1 — 3)
or alternating a(1 — 3) and a(1 — 4). The composition, My,
and structure of fucoidan are influenced by a multitude of
factors, including the source species and developmental stage
of the seaweed, its habitat, and the extraction method
employed. This complexity adds to the versatility of fucoidan,
which has been shown to exhibit an array of important biologi-
cal activities, including anticoagulant, antiviral, immunomo-
dulatory, antioxidant, and anti-inflammatory properties.®™°
Fucoidan has also demonstrated potential as a cancer-fighting
agent through multiple mechanisms, such as triggering cell
apoptosis, enhancing the immune system’s ability to eliminate
cancer cells, and inhibiting cell migration.”"""* Moreover,
fucoidan from different origins, compositions, and molecular
weights have been linked to an anti-angiogenic effect that may
further contribute to an anti-metastatic action.'*™” However,
in this respect, it should be noted that not all studies are in
agreement, as some suggest that fucoidan may also have an
opposite effect.'®>° Therefore, selecting the appropriate fucoi-
dan - considering its source species, My, and extraction tech-
nique - is crucial for achieving the desired biological activity.
In fact, it is believed that the anti- or pro-angiogenic properties
of fucoidan may vary depending on its My, composition
(namely, the sulfation degree), and structure.”

Given the fucoidans’ bioactivities and the advantages of
nanomedicine approaches in cancer therapy, several types of
nanomaterials containing fucoidan or fucoidan derivatives in
their composition have been developed.”*' For this purpose,
different experimental strategies have been used, such as self-
assembly, microwave-assisted, emulsion and solvent evapor-
ation, green synthesis, precipitation, and ultrasonication
methods.*>** Mostly, these fucoidan-based nanomaterials are
hybrid structures, incorporating other polymers and/or in-
organic materials, and were designed to be applied not only as
drug delivery systems but also for diagnostic purposes such as
serving as contrast agents in medical imaging.>*"**
Importantly, fucoidan exhibits notable affinity for P-selectin, a
protein highly expressed in tumour vasculature and thus may
confer tumour targetability to nanoparticles,?® particularly to
sites of active angiogenesis. In addition, there is emerging evi-
dence suggesting that fucoidan may have the ability to facili-
tate the crossing of the blood-brain barrier which is also
related with its interaction with P-selectin present in stimu-
lated endothelial cells.”” In fact, the advantages linked to
fucoidan-based nanoparticles keep encouraging research in
the field. In this scope, the combination of fucoidan with cat-
ionic polymers, including natural and synthetic polycations
(like chitosan, protamine, and polyethyleneimine), was par-
ticularly explored.”?! The main reason behind this option is
that nanoparticles can be easily formed solely driven by the
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electrostatic attractions established between the opposite
charged polymers in a self-assembly process.

Dendrimers are nanoscale polymers, featuring a central
core, branching units, and terminal functional groups.*® With
each addition of monomer layers to the central core, the den-
drimer increases in generation. Due to the possibility of pre-
cisely controlling their size, shape, and surface functionalities,
dendrimers show tuneable properties and have been applied
in the biomedical field as drugs per se, as controlled drug
delivery/theranostic systems (alone or combined with other
chemical entities), and as components in biosensors.>*7?
Among their possible chemical composition, the dendrimers
based on the 2,2-bis(hydroxymethyl)propionic acid (bis-MPA
dendrimers) monomer are notable for their biodegradability
into non-toxic products which makes them particularly attrac-
tive for use in the biomedical field.***® These dendrimers can
be synthesized with various terminal groups, including
hydroxyl, carboxyl, and ammonium groups, making them
highly adaptable for use and integration with other building
blocks in the fabrication of hybrid nanomaterials.

The objective of this work was to evaluate the possibility of
preparing nanoparticles based on fucoidan and bis-MPA den-
drimers, simply using a self-assembly process (Fig. 1), aimed
at being used in nanomedicine as possible drug delivery
systems with intrinsic anti-angiogenic activity. First, prelimi-
nary experiments based on in vitro tube formation by endo-
thelial cells (HUVEC cells) were performed to evaluate the anti-
angiogenic properties of fucoidan itself from two different
species — the algae Fucus vesiculosus and Undaria pinnatifida -,
as the source can impact fucoidan’s chemical composition
and structure. Moreover, experiments were carried out with
fucoidans fractionated to lower M,, under controlled con-
ditions, enabling the analysis of the impact of molecular
weight on anti-angiogenic activity. The best fucoidan candi-
dates in terms of anti-angiogenic activity were then combined
with generation 2 bis-MPA dendrimers at different fucoidan/

F/D=1:2

Fucoidan

Negatively charged
sulfate groups

R=H, SO57, COCH; or sugar
branch
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ammonium
groups

.

Fig. 1 Scheme of hybrid fucoidan/dendrimer nanoparticle preparation
solely based on electrostatic interactions. Fucoidan was combined with
generation 2 bis-MPA dendrimers at two different fucoidan/dendrimer
(F/D) mass ratios to obtain self-assembled nanoparticles (a general
structure of fucoidan is shown).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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dendrimer (F/D) mass ratios to obtain self-assembled nano-
particles. These hybrid fucoidan/dendrimer nanoparticles
were characterized with respect to their physicochemical pro-
perties, as well as their cytocompatibility, anti-angiogenic
activity, and hemocompatibility, including effects on haemoly-
sis and coagulation, with a view toward their future application
as drug or gene delivery systems.

Results and discussion

Fucoidan: chemical characterization, cytotoxicity and in vitro
anti-angiogenic activity

The present study used fucoidan from Fucus vesiculosus and
Undaria pinnatifida extracted by a proprietary aqueous extrac-
tion process by Marinova Pty Ltd (Tasmania, Australia) and
stored at ambient temperature (21-29 °C). Fucoidan was used
both in its extracted form (native M) and after undergoing
an additional fractionation process, which isolated lower M,,
molecules. Table 1 summarizes the chemical composition
and molecular weight of the four types of fucoidan used:
native molecular weight and fractionated fucoidan from
F. vesiculosus (FVF and FVF-F, respectively) and native mole-
cular weight and fractionated fucoidan from U. pinnatifida
(UPF and UPF-F, respectively). It is possible to observe that
fucoidan from F. vesiculosus has a higher total carbohydrate
content when compared to fucoidan from U. pinnatifida. 1t
also has a slightly higher content of uronic acid, and a
slightly lower degree of sulfation compared to that of
U. pinnatifida. However, the most distinctive features of these
two types of fucoidan lie in their carbohydrate profiles. In
this regard, the fucoidan derived from F. vesiculosus is
notably rich in fucose, whereas that extracted from
U. pinnatifida stands out for its high galactose content. This

Table 1 Peak molecular weight (Myy) and composition of the fucoidan
used in the experiments

F. vesiculosus U. pinnatifida

FVF FVF-F UPF UPF-F
Composition (% of dry weight)
Total carbohydrates 67.5 71.5 64 61.3
Uronic acid 2.0 2.2 0.9 0.7
Polyphenol <2 <2 <2 <2
Sulfate 26 26.9 31 27.6
Cations 11.2 8.8 6.8 6.0
Peak My, (kDa) 51.1 20.7 84.3 8.2
Carbohydrate profile (mol%)
Fucose 89.9 77.6 50.4 67.3
Xylose 3.9 6.1 4.0 0
Mannose 0.7 2.1 0 0.7
Galactose 3.8 5.4 45.6 30.5
Glucose 0.4 7.2 0 0.8
Arabinose 0.7 0.5 0 0
Rhamnose 0.5 1.1 0 0.6
FVF = native fucoidan from F. vesiculosus; FVF-F = fractionated

fucoidan from F. vesiculosus; UPF = native fucoidan from U. pinnatifida;
UPF-F = fractionated fucoidan from U. pinnatifida.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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characteristic was not significantly affected by the fraction-
ation process, although slight variations were observed in the
content of less abundant carbohydrates within the original
polysaccharides. Peak molecular weight of native fucoidan for
F. vesiculosus fucoidan was 51.1 kDa and for fractionated
fucoidan it was 20.7 kDa; and from U. pinnatifida fucoidan it
was 84.3 kDa and 8.2 kDa, respectively.

The anti-angiogenic activity of the four fucoidan types was
evaluated in vitro using human umbilical vein endothelial
cells (HUVEC cells) which are primary cells derived from the
endothelium of umbilical cord veins and often used as a cell
model to investigate the molecular mechanisms underlying
blood vessel formation. Prior to these studies, fucoidan cyto-
toxicity was studied using a metabolic activity assay that
relies on the reduction of resazurin. This method provides an
indirect assessment of cell viability as viable cells use mito-
chondrial and other cellular reductases to convert resazurin
into the fluorescent compound resorufin that can be
measured by fluorescence spectroscopy. Fig. 2 presents the
results for the different fucoidans across the 10-1000 pg
mL™" concentration range after 24 h of cell culture. The data
are expressed as a percentage of the metabolic activity
observed in the control, which consisted of cells incubated
solely in cell culture medium. The results indicate that fucoi-
dan, regardless of its source or M,, does not significantly
affect cell viability within the tested concentration interval.
This information enabled the use of the same concentration
range for studying the effect of fucoidan on the angiogenesis
process, as the results will not be affected by cell death. Indeed,
the information available in the literature shows that the cyto-
toxicity of fucoidan depends significantly not only on its intrin-
sic characteristics but also on the type of cells used in the
experiments, highlighting the importance of conducting this
evaluation on a case-by-case basis.*®

Subsequently, the anti-angiogenic effect of various forms of
fucoidan was assessed in vitro using the tube formation assay,
a test that evaluates the ability of endothelial cells to form
capillary-like structures on a 3D extracellular matrix, mimick-
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Fig. 2 Effect of fucoidan concentration on the metabolic activity of
HUVEC cells after 24 h (FVF = native fucoidan from F. vesiculosus; FVF-F
= fractionated fucoidan from F. vesiculosus; UPF = native fucoidan from
U. pinnatifida; UPF-F = fractionated fucoidan from U. pinnatifida).
Results are expressed as a percentage of the negative control (only cell
culture medium); medium containing Triton-X was used as positive
control. Data represents the mean + SD (n = 4, *p < 0.05, **p < 0.001 as
compared to the control).
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ing the initial stages of angiogenesis.*® For this, HUVEC cells
were seeded on a pre-solidified gel and treated with the four
fucoidan polysaccharides. After 6 h of incubation, live cells
were stained, tube formation was observed under a fluo-
rescence microscope, and several parameters indicative of the
angiogenic process were quantified based on the obtained
images. The results shown in Fig. 3 clearly demonstrate that
incomplete tube formation occurs when fucoidan is added to
the cell culture medium. The extent of this effect depends on
both the dose applied and the type of fucoidan used. Indeed,
an anti-angiogenic effect is already observed at a fucoidan con-
centration of 100 pg mL ™", with this effect becoming signifi-
cantly more pronounced at higher concentrations (500 and
1000 pg mL™"). Not only do the images obtained reflect this
effect from a qualitative point of view, but it is also supported
by the quantitative data, namely vessel area, number of junc-
tions, and lacunarity (Fig. 4). Regarding the total area covered
by the capillary-like structures formed by the endothelial cells
on the extracellular matrix (vessel area), one can see that it
decreases with concentration for all fucoidan types when com-
pared with the control (in the absence of fucoidan). In the case

Control

100 ug/mL

PF FVF-F FVF

U

UPF-F

Fig. 3 Fluorescence microscopy images representative of calcein-AM-
labeled tubes formed by HUVEC cells after 6 h of exposure to 100, 500
or 1000 pg mL™* of the four types of fucoidan (FVF = native fucoidan
from F. vesiculosus; FVF-F = fractionated fucoidan from F. vesiculosus;
UPF = native fucoidan from U. pinnatifida; UPF-F = fractionated fucoidan
from U. pinnatifida). The control refers to cells in the gel matrix incu-
bated only in cell culture medium. All images are at a 40x magnification.
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Fig. 4 Vessel area, number of junctions, and lacunarity calculated
based on images from the tube formation assay. HUVEC cells were
exposed to 100, 500 or 1000 pg mL™* of the four types of fucoidan (FVF
= native fucoidan from F. vesiculosus; FVF-F = fractionated fucoidan
from F. vesiculosus; UPF = native fucoidan from U. pinnatifida; UPF-F =
fractionated fucoidan from U. pinnatifida). The control refers to cells in
the gel matrix incubated only in cell culture medium. Data represents
the mean + SD (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 as compared to
the control).

of junctions, which represent points where multiple tubular
structures intersect, representing the branching complexity of
the network, the results also show a clear pattern of inhibition
in the presence of fucoidan. In addition, an increase in the
network’s irregularity and fragmentation as fucoidan concen-
tration rises is observed, which is reflected in higher lacunarity
values. This indicates more disordered structures, which are
consistent with an anti-angiogenic effect too.

When analysing the results, the observed anti-angiogenic
effect differs depending on whether the fucoidan is derived
from F vesiculosus or U. pinnatifida, as well as whether the
polysaccharide is the native extract or an isolated low M,, frac-
tion. For the fucoidan from F. vesiculosus, the best anti-angio-
genic effect was observed with the native polymer (FVF, peak
M,, 51.1 kDa). For fractionated fucoidan (FVF-F, peak M,,
20.7 kDa), angiogenesis inhibition was not so pronounced.
The fractionated form of fucoidan from U. pinnatifida (UPF-F,
peak M, 8.2 kDa), in turn, exhibited the weakest anti-angio-
genic effect among the four types of fucoidan tested, while its

© 2026 The Author(s). Published by the Royal Society of Chemistry
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native form (UPF, peak M,, 84.3 kDa) displayed a behaviour very
similar to that of fractionated fucoidan from F. vesiculosus.
Overall, it can be concluded that, on the one hand, lower M,, frac-
tions of fucoidan reduces the anti-angiogenic effect, while, on
the other hand, the fucoidan from F. vesiculosus had a superior
anti-angiogenic effect compared to that from U. pinnatifida. The
distinct monosaccharide composition of fucoidan from
F. vesiculosus - including its higher fucose and lower galactose
content — along with its lower sulfate and higher cation levels,
may alone or collectively contribute to the observed effect. The
highly branched structure of fucoidan from U. pinnatifida® may
also contribute to a lower anti-angiogenic activity.

In vivo angiogenesis involves complex interactions between
endothelial cells, signalling molecules, and the surrounding
tissue environment. It requires the coordinated action of mul-
tiple signalling molecules, which promote endothelial cell pro-
liferation, migration, and tube formation. Additionally, angio-
genesis involves not only vessel growth but also remodelling
and stabilization, where pro-angiogenic factors are balanced
by anti-angiogenic signals to ensure proper vascular develop-
ment. As expected, in vitro angiogenesis, such as in the tube
formation assay, only mimics some aspects of the angiogenic
process, being a simplified version. This assay is, however, very
useful as a model for studying early-stage angiogenesis and
testing potential interfering compounds. Fibroblast growth
factor (FGF) and epidermal growth factor (EGF), factors that
promote angiogenesis, are present in the cell culture medium
where HUVEC cells are cultured. HUVEC cells will then
produce other pro-angiogenic factors, such as VEGF and angio-
poietins, that work together, initiating and regulating the for-
mation of new blood vessels. Indeed, VEGF is known to upre-
gulate angiopoietin-2 (Ang-2) production in HUVEC cells,
especially during the early stages of angiogenesis. With this in
mind, Ang-2 expression was measured as a possible angio-
genesis-related marker to further assess the effect of the four
types of fucoidan in the in vitro tube formation assay. Results
are shown in Fig. 5 and are in line with previous findings.
Although no significant differences are observed among all
samples at a fucoidan concentration of 100 pg mL ™", at a fucoi-
dan concentration of 1000 ug mL ™" in the media, a concen-
tration at which more marked differences are expected to be
observed, Ang-2 levels in the cell culture supernatants col-
lected at the end of the tube formation assay were lower for
native fucoidan derived from F. vesiculosus (FVF), suggesting a
stronger anti-angiogenic action. Also, fractionated fucoidan
from U. pinnatifida (UPF-F) led to values that were not signifi-
cantly different from the control, seeming to be the less potent
inhibitor of angiogenesis. The other two fucoidan types (FVF-F
and UPF) presented intermediate Ang-2 expression values
which are not significantly different from each other.

Fucoidan/bis-MPA-based dendrimer nanoparticles:
preparation and physicochemical characterization

For the preparation of fucoidan/bis-MPA-based dendrimer
nanoparticles, native fucoidan from FE vesiculosus (FVF) and
U. pinnatifida (UPF) were selected due to their higher anti-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Expression of angiopoietin-2 (Ang-2) measured in cell super-
natants obtained in the tube formation assay. HUVEC cells were
exposed to 100 or 1000 ug mL™ of the four types of fucoidan (FVF =
native fucoidan from F. vesiculosus; FVF-F = fractionated fucoidan from
F. vesiculosus; UPF = native fucoidan from U. pinnatifida; UPF-F = frac-
tionated fucoidan from U. pinnatifida). The control refers to cells in the
gel matrix incubated only in cell culture medium. Data represents the
mean + SD (n = 3, *p < 0.05, **p < 0.01 as compared to the control).

angiogenic potential compared to their fractionated counter-
parts. Nanoparticle preparation was based on a simple self-
assembly process driven by the electrostatic interactions
between two oppositely charged polymers: the negatively
charged fucoidan, which contains sulfate groups along its
structure, and the positively charged generation 2 bis-MPA
dendrimer, which has protonated amine groups at its periph-
ery. The experimental procedure involved mixing an aqueous
fucoidan solution to an aqueous dendrimer solution at room
temperature at different fucoidan/dendrimer (F/D) mass ratios.

Following an optimization process, two types of nano-
particles were consistently obtained based on F/D mass ratios
of 1:2 and 2:1. Table 2 presents the hydrodynamic diameter
and the zeta potential values measured for the nanoparticles
prepared at these ratios with fucoidan from F. vesiculosus (FVF
1:2 and FVF 2:1) and U. pinnatifida (UPF 1:2 and UPF 2:1).
Whereas nanoparticles with an F/D ratio of 1:2 exhibit a posi-
tive zeta potential, those with an F/D ratio of 2:1 exhibit a
negative one, regardless of the type of fucoidan used. This is
due to the balance between positive and negative charges in
the nanoparticles. Specifically, a positive zeta potential reflects
a higher number of dendrimers present and greater exposure
of protonated amine groups on the nanoparticle surface, while

Table 2 Hydrodynamic diameter, polydispersity and zeta potential of
nanoparticles prepared at different fucoidan/dendrimer ratios (FVF =
native fucoidan from F. vesiculosus; UPF = native fucoidan from U. pin-
natifida). Data represents the mean (n = 3), relative standard deviations
were <10%, and the polydispersity index (PDI) was always <0.2

Hydrodynamic

diameter (nm) Zeta potential
Nanoparticle Z-Average PDI (mv)
FVF1:2 166 0.08 +32
FVF2:1 113 0.18 -32
UPF1:2 176 0.14 +25
UPF2:1 160 0.14 —42
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a negative zeta potential indicates a higher amount of fucoi-
dan and greater exposure of its sulfate groups. Importantly,
the absolute values of zeta potential are very high which is an
indicator of colloidal stability. High absolute zeta potential
values (positive or negative) will lead to strong repulsion
between the nanoparticles and prevent their aggregation, pre-
serving their properties and functionality over time. This is a
crucial aspect considering that the fucoidan/dendrimer nano-
particles are expected to be used in cancer treatment, possibly
as gene/drug delivery systems, taking advantage of their intrin-
sic anti-angiogenic properties. Additionally, for the F/D ratio of
1:2, nanoparticles prepared with fucoidan extracted from
F. vesiculosus exhibit a significantly more positive zeta poten-
tial than those based on fucoidan from U. pinnatifida.
Consistently, for the 2 : 1 ratio, this value is less negative.

The Z-average, also known as the cumulants mean, is a
commonly used parameter in dynamic light scattering (DLS)
measurements, representing the intensity-weighted harmonic
mean of the particle size distribution. This parameter is
meaningful primarily for monodisperse or nearly mono-
disperse samples. In this study, it was considered equivalent
to the hydrodynamic diameter, as the polydispersity index
(PDI) was <0.2 for all formulations, indicating that the nano-
particle populations were relatively homogeneous in terms of
size. The hydrodynamic diameter of the fucoidan/dendrimer
nanoparticles ranged from 113 to 176 nm, with nanoparticles
prepared at an F/D ratio of 1:2 exhibiting higher values than
those prepared at an F/D ratio of 2: 1. Positive nanoparticles
(with a higher content in dendrimers) thus seemed to be less
compacted in solution than the negative ones. Interestingly,
nanoparticles prepared with fucoidan from F. vesiculosus were
smaller than those made with fucoidan from U. pinnatifida
which may be related with the fact that fucoidan from
U. pinnatifida tends to be more branched. When analysing
the fucoidan/dendrimer nanoparticles by transmission elec-
tron microscopy (Fig. 6), information was also gathered
regarding morphology. The nanoparticles were found to
adopt a near-spherical shape and appeared dehydrated, with
some looking collapsed. Their size was similar to that
measured in aqueous solution (in some cases smaller, as
expected), but no significant differences could be seen
among the samples.

Fourier-transform infrared spectroscopy (FTIR) was used to
further characterize the fucoidan/dendrimer nanoparticles,
confirming the presence of both fucoidan and dendrimers
within their structure. Fig. 7 shows the spectra of the nano-
particles based on fucoidan from F. vesiculosus and from
U. pinnatifida at the F/D ratios of 1:2 and 2: 1. The figure also
contains the spectra from the individual starting polymers that
can be compared with those arising from the nanoparticles
(more detailed information regarding FTIR spectra analysis is
presented in the SI, Fig. S1-S7 and Tables S1-S3). The dendri-
mer alone exhibits a spectrum with highly intense absorption
bands. In the spectra of the nanoparticles, the bands corres-
ponding to the dendrimers are clearly visible and can even
mask those of fucoidan. Interestingly, the spectra of nano-
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Fig. 6 Transmission electron microscope images of the fucoidan/den-
drimer nanoparticles at the two F/D ratios (1:2 and 2:1) after negative
staining using uranyl acetate (FVF = native fucoidan from F. vesiculosus;
UPF = native fucoidan from U. pinnatifida). The red arrow is pointing to
agglomerates.

particles prepared at an F/D ratio of 1:2, whether with fucoi-
dan from F. vesiculosus or U. pinnatifida, show very intense
absorption bands associated with the dendrimers (the spectra
are largely superimposable), reflecting a high dendrimer
content in these nanoparticles. Conversely, in the spectra of
nanoparticles prepared at an F/D ratio of 2:1, as expected, the
dendrimer-related bands are significantly less intense.
Nevertheless, undoubtedly, the presence of fucoidan in the
nanoparticles is confirmed by the characteristic band at
~1220 cm™" due to S=O asymmetric stretching vibration. The
broad band in the range of 3200-3600 cm™", corresponding to
O-H stretching vibrations, is also very strong, but the contri-
bution of water molecules in this spectral region must also be
taken into account.

Fucoidan/bis-MPA-based dendrimer nanoparticles: anti-
angiogenic activity and blood compatibility

Studies were further conducted on the cytotoxicity and anti-
angiogenic potential of fucoidan/dendrimer nanoparticles.
Like previously, nanoparticles were prepared with FVF (native
fucoidan from F. vesiculosus) or UPF (native fucoidan from
U. pinnatifida) at F/D ratios of 1:2 or 2:1, and their concen-
tration was expressed based on their fucoidan content for con-
sistency and comparability. In relation to the studies using
fucoidan alone, these experiments were conducted at lower
fucoidan concentrations, in the range 10 to 50 pg mL™", more
aligned with the range of concentration expected to be present
in the target tumour tissues - it is known that, on average,
only ~0.7% of the injected nanoparticle dose -effectively
accumulates in solid tumours.*” Indeed, while initial plasma
concentrations may be in the microgram range after intrave-
nous injection, biological barriers (e.g., clearance by the reticu-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 FTIR spectra for the fucoidan/dendrimer nanoparticles prepared with FVF (native fucoidan from F. vesiculosus) or UPF (native fucoidan from
U. pinnatifida) at F/D ratios of 1: 2 or 2: 1 (top image); FTIR spectra for native fucoidans and for the bis-MPA dendrimer (bottom image).

loendothelial system, limited tumour penetration) significantly
reduce the amount that reaches the tumour site.”®

Fig. 8 shows the effect of the concentration of fucoidan/
dendrimer nanoparticles on the metabolic activity of HUVEC
cells after 24 h exposure. As expected, the results indicate that
none of the nanoparticle types tested were cytotoxic within the
concentration range studied as metabolic activity was not sig-
nificantly different from the control. The fact that the nano-
particles do not affect cell viability is likely due to both fucoi-
dan and bis-MPA dendrimers being non-cytotoxic at the con-
centrations used (see Fig. S8 in SI, which shows the effect of
dendrimer concentration on the metabolic activity of HUVEC
cells).

Again, the tube formation assay was used, this time to
evaluate whether the nanoparticles retained the anti-angio-
genic activity observed with fucoidan alone. Interestingly, the
nanoparticles exhibited anti-angiogenic activity, despite the
lower fucoidan content in the culture medium. Although this
effect is less apparent by simple observation of fluorescence
microscopy images after cell staining (Fig. 9), quantitative ana-
lysis of these images reveals that the tube network formed by
HUVEC cells is less developed (with less vessel area, fewer
junctions, and higher lacunarity) (Fig. 10). This effect was sig-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Effect of the concentration of fucoidan/dendrimer nanoparticles
on the metabolic activity of HUVEC cells after 24 h (nanoparticle con-
centration is expressed based on the fucoidan content). Nanoparticles
were prepared with FVF (native fucoidan from F. vesiculosus) or UPF
(native fucoidan from U. pinnatifida) at F/D ratios of 1:2 or 2: 1. Results
are expressed as a percentage of the negative control (only cell culture
medium); medium containing Triton-X was used as positive control.
Data represents the mean + SD (n = 3, *p < 0.05, **p < 0.001 as com-
pared to the control).

nificantly more pronounced in nanoparticles prepared with
F/D ratios of 1:2, regardless of the type of fucoidan used
(from F. vesiculosus or U. pinnatifida). These results suggested
that bis-MPA dendrimers could contribute to the anti-angio-
genic effect observed in the nanoparticles. To explore this, the
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Fig. 9 Fluorescence microscopy images representative of calcein-AM-
labeled tubes formed by HUVEC cells after 6 h of exposure to nano-
particles at 10 and 50 yg mL™" (nanoparticle concentration is expressed
based on the fucoidan content), and to dendrimers alone at corres-
ponding concentration values. Nanoparticles were prepared with FVF
(native fucoidan from F. vesiculosus) or UPF (native fucoidan from
U. pinnatifida) at F/D ratios of 1:2 or 2:1. The control refers to cells in
the gel matrix incubated only in cell culture medium. All images are at a
40x magnification.

effect of the dendrimers alone was also investigated, and it
was found that they also exerted a significant anti-angiogenic
effect (Fig. 10). Therefore, the anti-angiogenic properties of
fucoidan/dendrimer nanoparticles are likely due to a com-
bined effect of both fucoidan and the dendrimers, while the
role of nanoparticle assembly itself cannot be excluded.

Blood compatibility is a key parameter to evaluate when
assessing nanoparticles intended for intravenous use, as is the
case in the present study. To investigate this, the impact of
fucoidan/dendrimer nanoparticles on human erythrocyte hae-
molysis was first analysed. As shown in Fig. 11, the extent of
haemolysis did not differ significantly from the control (DPBS
without calcium and magnesium) thus indicating that the
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based on images from the tube formation assay. HUVEC cells were
exposed to nanoparticles at 10 and 50 pg mL™! (nanoparticle concen-
tration is expressed based on the fucoidan content), and to dendrimers
alone at corresponding concentration values. Nanoparticles were pre-
pared with FVF (native fucoidan from F. vesiculosus) or UPF (native fucoi-
dan from U. pinnatifida) at F/D ratios of 1: 2 or 2: 1. The control refers to
cells in the gel matrix incubated only in cell culture medium. Data rep-
resents the mean + SD (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 as com-
pared to the control).
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Fig. 11 Effect of fucoidan/dendrimer nanoparticle concentration on
human erythrocyte haemolysis (hanoparticle concentration is expressed
based on the fucoidan content). Nanoparticles were prepared with FVF
(native fucoidan from F. vesiculosus) or UPF (native fucoidan from
U. pinnatifida) at F/D ratios of 1:2 or 2:1. Results are expressed as the
percentage of haemolysis relative to the water-treated blood (control),
which represents 100% haemolysis Data represents the mean + SD (n =
4, p < 0.001 as compared to the control in all cases).

fucoidan/dendrimer nanoparticles are well-tolerated by these
cells. Furthermore, assessing the potential impact of nano-
particles on the coagulation system is also critical to ensure

© 2026 The Author(s). Published by the Royal Society of Chemistry
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their safe use in this context. The coagulation assay was con-
ducted using a pool of human plasma with calcium chloride
serving as the clotting initiator. The progression of clot for-
mation was monitored by measuring absorbance at 405 nm
over time, allowing for real-time tracking of the coagulation
process. Clotting times were determined by identifying the
time point at which the absorbance curve reaches a plateau,
indicating the completion of fibrin network formation. Fig. 12
presents the results obtained in a representative experiment.
Of the four types of nanoparticles tested, those prepared from
fucoidan derived from F. vesiculosus (FVF 1:2 and FVF 2:1)
and from U. pinnatifida at an F/D ratio of 1:2 followed the
trend of the reference control, showing no interference in the
clotting process. In contrast, the UPF 2:1 nanoparticles sig-
nificantly reduced clotting time by approximately 20 minutes.
This result was unexpected as the literature consistently indi-
cates that fucoidan extracted from U. pinnatifida exhibits anti-
coagulant - not procoagulant — properties.** However, in nano-
particles, fucoidan is presented in a highly dense manner on
the surface, which may enhance its interactions with plasma
proteins, and coagulation factors, possibly creating a procoa-
gulant microenvironment that differs from free fucoidan in
solution. Possibly, this pro-coagulant effect is due to the high
negative zeta potential shown by the UPF 2 : 1 fucoidan/dendri-
mer nanoparticles (—42 mvV). In fact, it is known that the
intrinsic coagulation pathway is initiated by negatively charged
surfaces.*®*® Interestingly, a study involving carboxyl-modified
polystyrene nanoparticles with a hydrodynamic diameter of
220 nm and a zeta potential of —43.5 mV showed that they
were able to initiate the intrinsic pathway of coagulation,
whereas smaller particles having a hydrodynamic diameter of
24 nm and a zeta potential of —49.2 mV were unable to do it.*®
This observation may account for the lack of procoagulant
activity in FVF 2:1 fucoidan/dendrimer nanoparticles, which,
despite their negative zeta potential (—32 mV), are considerably
smaller (113 nm). The differences in My, branching and com-
position between fucoidan of F. vesiculosus and U. pinnatifida

1.0+
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0.8- -+~ FVF 1:2 -+~ FVF 2:1
) —— UPF 1:2 —+ UPF 2:1
s
o 0.6
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Fig. 12 Effect of fucoidan/dendrimer nanoparticle concentration on
human blood coagulation time (nanoparticle concentration was 50 pg
mL~ expressed on the fucoidan content). Nanoparticles were prepared
with FVF (native fucoidan from F. vesiculosus) or UPF (native fucoidan
from U. pinnatifida) at F/D ratios of 1:2 or 2:1. Controls were done
without CaCl, (the clotting initiator) and with NaCl 0.9% (w/v) (the refer-
ence). The image is representative of 3 independent experiments.
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thus conduct to nanoparticles with distinct physicochemical
properties and different interaction with blood components.

Conclusions

This work demonstrated that the native fucoidans from
F. vesiculosus and U. pinnatifida possess a superior anti-angio-
genic activity in vitro compared to fucoidans from the same
species fractionated to lower molecular weights. Also, the com-
positional differences in the fucoidans from different species
of seaweed may have contributed to their bioactivity. When
combined with generation 2 bis-MPA-based dendrimers at
varying mass ratios, the fucoidans with higher My, formed
self-assembled nanoparticles through electrostatic inter-
actions. Optimisation experiments led to the development of
two nanoparticle types with distinct zeta potentials (positive at
F/D = 1:2 and negative at F/D = 2:1), which were shown to
contain both fucoidan and dendrimers, to be of a near spheri-
cal shape, and to have anti-angiogenic properties in vitro —
positively charged nanoparticles (F/D 1 : 2) consistently showed
a stronger inhibition of tube formation than negatively
charged ones. The anti-angiogenic activity observed for the
fucoidan/dendrimer nanoparticles was likely driven by both
components, but a potential contribution from the self-
assembled structure could not be excluded. Importantly, the
nanoparticles were cytocompatible and did not induce haemo-
lysis or blood coagulation, except for the UPF 2:1 nano-
particles. Overall, these findings provide preliminary in vitro
evidence supporting the potential of fucoidan/dendrimer
nanoparticles as multifunctional platforms for cancer nano-
medicine, combining anti-angiogenic activity with the possi-
bility of future drug or gene delivery applications. Further
evaluation in more advanced models, including in vivo studies,
will be important to confirm these findings, together with
dedicated stability studies to assess the long-term physico-
chemical behaviour of the nanoparticles over time. Also,
mechanistic studies investigating the signalling pathways
underlying the anti-angiogenic effects will be important future
work to further consolidate the findings of the present study.
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