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Due to the severe side-effects and the toxicity to healthy tissues, cancer treatments based in chemotherapy have
not fully achieved the desire outcomes so far. The use of natural compound may be of great value to develop
better tolerated therapies. Fucoidan is a marine sulfated polysaccharide extracted from brown algae that, besides
other biological activities, has been reported to present interesting anti-cancer potential. This review briefly
introduces fucoidan chemical structure, physicochemical properties and the above-mentioned biological feature.

Fucoidan usage as soluble agent presents promising results herein described for different types of cancer. Trying
to enhance and optimize fucoidan usage in the cancer field, different systems, namely drug delivery, have been
recently developed to target different types of cancers. This aspect will be presented in detail, highlighting the
role of fucoidan on their reported or envisaged performance.

1. Introduction

More than 70 % of the world’s surface is covered by oceans, being
plants, animals, and microorganisms from the marine environment a
significant source of natural products (Penesyan, Kjelleberg, & Egan,
2010). Among marine organisms, marine algae are rich sources of
structurally diverse bioactive compounds with relevant biological ac-
tivities (Khalid, Abbas, & Saeed, 2018). Marine algae are a good source
of nutrients, being of particular interest their sulfated polysaccharides
(Silva et al., 2012). The growing interest in marine polysaccharides
extracted from brown algae is due to their therapeutic effects against
different types of disorders and pathological conditions. In addition, the
greater availability and lower production costs are other advantages of
these algae polysaccharides, enabling their use at industrial scale
(Khan, Shin, & Kim, 2018). Indeed, seaweeds have been exploited as
supplements in functional food or the extracted compounds used in the
development of new pharmaceutical agents and medical oriented pro-
ducts (Khalid et al., 2018). In this regard, the biomedical market re-
presents an enormous opportunity for many of these bioactive com-
pounds and materials. The exploitation of natural resources may
present a potential added value that justify the potential risks related

with the development and approval of such products (Silva et al.,
2012).

Fucoidans are a class of sulfated polysaccharides, mainly composed
by fucose, that can be extracted from different species of brown algae
(Cunha & Grenha, 2016). Fucoidans are already available as food/
dietary supplements and in cosmetics. However, they are not yet ap-
proved for biomedical applications, neither by direct administration
nor by its incorporation in biomaterials, despite showing promising
outcomes (Fitton, Stringer, & Karpiniec, 2015; Wells et al., 2017). In
fact, fucoidan has been described to present distinct biological activ-
ities, namely antitumor, anti-viral and anti-inflammatory, as well as
immunoregulatory and (anti-)angiogenic potential (Li, Lu, Wei, & Zhao,
2008; Wang, Kankala et al., 2019; Wang, Xing et al., 2019). Despite
these achievements, variable and contradictory results compromise
fucoidan usage in the clinic (Atashrazm, Lowenthal, Woods, Holloway,
& Dickinson, 2015). The huge variety of algae fucoidan sources, allied
to various extraction and purification methods, may influence fucoi-
dan’s physicochemical properties and bioactivity (Cunha & Grenha,
2016; Fitton et al., 2015) (Fig. 1).

In this review, a general introduction to fucoidan composition,
chemical structure and physicochemical properties is addressed. The
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Fig. 1. The source and extraction method may influence fucoidan physicochemical properties and, consequently, the biological outcomes.

recent advances of fucoidan as an antitumor bioactive agent, divided by
different types of cancer (i.e. colon, lung, breast and melanoma) is re-
viewed. In addition, the development and biological outcomes of fu-
coidan-based systems (mainly nanoparticles) is addressed in detail.

2. Fucoidan composition and chemical structure

Fucoidan may be extracted from different seaweed species, pre-
senting different chemical compositions. In general, fucoidans from
brown algae present a backbone of a(1 — 3) L-fucopyranose residues or
of alternating a(1 — 3) and a(1 — 4)-linked 1-fucopyranosyls, that can
be replaced by sulfate or acetate and/or have side branches containing
fucopyranoses or other glycosyl units, e.g glucuronic acid. Fucoidan
structures may also be composed of other monosaccharides as glucose,
xylose, galactose and mannose (Ale & Meyer, 2013; Ale, Mikkelsen, &
Meyer, 2011).

Fucus vesiculosus, that belongs to the order of Fucales, is the most
common fucoidan’s species source, being mainly composed of 1,2-a-
fucose often sulfated. Most sulfate groups are located at position C-4 of
the fucose units. Despite the relatively simpler composition of fucoidan
from Fucus vesiculosus, most fucoidans present more complex structures.
In the case of fucoidan extracted from Ascophyllum nodosum (Fucales),
an a(l — 3)-linked fucose backbone and a high proportion of a(1 — 4)
linkages mainly sulfated at O-2, to a lesser extent at O-3, and only
slightly at O-4, and fucose 2, 3-O-disulfate residues were observed. In
the same order of Fucales, Fucus evanescens and Fucus serratus give rise
to fucoidans presenting similar structures, with a large proportion of
both a(l — 3)- and a(l — 4)-linked r-fucopyranose residues, which
may be substituted with sulfate (SO; ™) at C-2 and C-4. Fucoidans in the
order of Laminariales present a chemical structure that is mainly
composed of a backbone of a(l — 3)-linked L-fucopyranose residues
with sulfates at the C-2 position. Fucoidans isolated from Laminari
saccharina consist of a(l — 3)-linked i-fucopyranose units, however
they can present sulfates at C-4 alone or at both C-2 and C-4. Chorda
filum (Laminariales) present a similar structure, consisting of a back-
bone structure of poly-a(1 — 3)-linked 1-fucopyranoses sulfated mainly
at C-4. However, it can also be sulfated at the C-2 position, and with
some of the a(1 — 3)-linked fucose residues being 2-O-acetylated (Ale
& Meyer, 2013; Ale, Mikkelsen et al., 2011; Mulloy & Berteau, 2003).
This information on chemical structures of different fucoidan sources is
collected in Fig. 2.

Despite the backbone structure be mainly the same, (1 — 3)-linked
a-L-fucopyranose, there might be different sulfates substitutions, mo-
lecular weights, branching and sugar residues, which may lead to dif-
ferent biological outcomes. Thus, although all receive the same desig-
nation as fucoidan, each extract is an individual entity.

3. Fucoidan physicochemical properties

As previously stated, the extraction conditions, algae species and life
cycle state, among others, have a huge influence over fucoidan com-
position and chemical structure, providing extracts with different mo-
lecular weights and sulfate patterns (Mak, Hamid, Liu, Lu, & White,
2013). The molecular weight is one of the main properties described to
influence the biological activity of fucoidans. Nevertheless, it is difficult
to establish a direct correlation based in one property alone (Alvarez-
Vifias, Flérez-Fernandez, Gonzélez-Mufioz, & Dominguez, 2019). Spe-
cifically, low molecular weight fucoidan extracts have gained most at-
tention due to their bioavailability, being explored in several biological
conditions. For example, the synergistic effect of low molecular weight
fucoidan (0.8 kDa) and fucoxanthin was studied in a diabetic mouse
model (Lin, Tsou, Chen, Lu, & Hwang, 2017). This combination was
able to maintain glucose at homeostatic levels, improving the outcomes
as compared to separate administration. In a clinical trial, low mole-
cular weight fucoidan (0.8 kDa) increased the disease control rate by 24
% in patients with metastatic colorectal cancer (Tsai, Tai, Huang,
Chang, & Wang, 2017). In another attempt, fucoidan was hydrolyzed in
fractions with different molecular weights, being observed increased
cytotoxic effects over cancer cells when using lower molecular weight
fractions (< 30 kDa). It was suggested that low molecular weight
fractions present greater mobility and diffusivity than high molecular
weight fucoidan, improving the interaction with cancer cell compo-
nents (You, Yang, Lee, & Lee, 2010). The bioactivity of low molecular
weight fucoidan fractions (10-37 kDa) obtained by gamma irradiation
also demonstrated increased antioxidant effects (Choi et al., 2009).
Controversially, high molecular weight fucoidan was also reported to
present anticancer and anti-inflammatory effects, which might indicate
the involvement of other factors on the determination of biological
activity (Kang et al., 2011; Synytsya et al., 2010).

Besides the molecular weight, the sulfate content has been deeply
studied regarding fucoidan biological responses. From previously re-
ported works, higher sulfation degree has been related with enhanced
bioactivity responses, namely anti-angiogenic and anticancer activities,
which have encouraged the production of over-sulfated fucoidans
(Koyanagi, Tanigawa, Nakagawa, Soeda, & Shimeno, 2003; Soeda,
Shibata, & Shimeno, 1997). Over-sulfation leads to molecules with high
negative charge, which enables the formation of fucoidan-protein
complexes. This may hinder cells’ proliferation and thus, indirectly,
exerts the referred biological activities (Zorofchian Moghadamtousi
et al., 2014). Besides the sulfate content, the position of the sulfate
groups along the fucoidan backbone, as well as the branching degree,
may also be related with fucoidan biological activities. In a previous
paper, a fucoidan with effective anti-tumor activity presented higher
percentage of fully branched chains (in both 3-O and 4-O positions)
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Fig. 2. Chemical structure of fucoidans obtained from: A) Fucus vesiculosus and Ascophyllum nodosum, B) Laminaria saccharina or C) Chorda filum.

than other fucoidan extracts that did not presented this biological ac-
tivity (Oliveira et al., 2017).

The carbohydrate composition is another property that should be
analyzed. As previously stated, fucoidans are mainly composed of fu-
cose residues, often sulfated, but they also present other carbohydrates
in its composition, as neutral sugars: xylose, galactose, mannose and
glucose (Nagaoka et al., 1999; Nishino, Nishioka, Ura, & Nagumo,
1994). They may also present uronic acids, which may be associated
with the biological response of fucoidan (Li et al., 2008). The absence of
fucoidan carbohydrate composition determination and its relation to
the biological activities may be the cause of some contradictory results,
being structure-activity relationship studies of utmost importance to
reach more elucidative and consistent findings.

4. Anti-cancer activity

Cancer is characterized by an uncontrolled cell growth and can start
at any tissue of the body. Cancer cells can spread to tissues other than
where they started proliferating, causing metastasis (Cooper, 2000).
Although more people than ever have survived different types of cancer
after treatment, cancer is still one of the main causes of death world-
wide (Siegel, Miller, & Jemal, 2019). The type of cancer, size and lo-
cation will influence the treatment options which may include che-
motherapy, surgery and radiotherapy (Arruebo et al., 2011). Surgery is
the most common treatment modality which is used to remove the
tumor. Chemotherapy uses cytotoxic drugs with a systemic action,
which may affect healthy tissues, leading to severe side effects (Sak,
2012). Radiation therapy uses high energy beams to destroy cancer
cells and may be used before surgery (Baskar, Lee, Yeo, & Yeoh, 2012).
Target therapies rely on specific markers, leading to fewer side effects
(Testa, Pelosi, & Castelli, 2018). These treatments may be applied in a
single or combined way.

Depending on the drugs and treatment duration, severe side effects
may be observed, the reason why more effective anti-cancer drugs are
needed. Fucoidan anti-cancer capability has gained tremendous interest
in the last years and has been studied over different types of cancer.
Indeed, fucoidan may regulate and mediate its anti-cancer potential
through different mechanisms and cancer-related pathways, namely
cell cycle arrest, apoptosis and immune system activation, as reviewed
by others (Atashrazm et al., 2015; van Weelden et al., 2019). Herein,
the action of fucoidan over breast, lung and colorectal cancer, as well as
melanoma will be discussed.

4.1. Lung cancer

Lung cancer is the second most common (both in man and woman)
and the deadliest, comprising about 13 % of all new diagnosed cancers
(Miller et al., 2016; Siegel et al., 2019). There are different types of lung
cancer: carcinoid tumors, small cell and non-small cell, with the latest
being the most common, accounting for 85 % of all lung cancers. Like in
most cancers, the possible treatments include surgery, radiation
therapy, chemotherapy and targeted therapies, which may be used as
single or combined treatments (Ellouali, Boisson-Vidal, Durand, &

Jozefonvicz, 1993; Lemjabbar-Alaoui, Hassan, Yang, & Buchanan,
2015; Zappa & Mousa, 2016). Native fucoidan from Turbinaria conoides
presented increased inhibition of lung cancer cells proliferation when
compared with native fucoidan from Undaria pinnatifida
(Marudhupandi, Ajith Kumar, Lakshmanasenthil, Suja, & Vinothkumar,
2015). In a different approach, fucoidan exhibited anti-metastatic ef-
fects over lung cancer cells (A549 cell line) via the down-regulation of
different signaling pathways, resulting in decreased cell migration and
invasion (Lee, Kim, & Kim, 2012). Furthermore, typical apoptotic
characteristics, such as chromatin condensation and an increase in the
population of sub-G1 hypodiploid cells, were observed by the addition
of fucoidan, with an effective antiproliferative activity (Boo et al.,
2011). The effects of molecular weight were also analyzed in A549
cells, showing that hydrolysis in boiling water with HCI significantly
increased anticancer activity when compared with microwave hydro-
lysis of native fucoidan (Yang et al., 2008). The simultaneous admin-
istration of fucoidan and cisplatin presented a synergistic effect by in-
hibiting lung cancer cells viability, inducing apoptosis trough
upregulation of cleaved caspase-3 and poly (ADP ribose) polymerase
expression (Hsu et al., 2017). This dual drug approach allowed a de-
crease in cisplatin concentration, leading to diminished side effects. In
another study, fucoidan activated the TLR4/ROS/ER signaling
pathway, resulting in apoptotic cell death, both in vitro and in vivo,
resulting in tumor shrinkage (Hsu, Lin, Hu, Shu, & Lu, 2018).

4.2. Colorectal cancer

Colon cancer is the second most common cause of cancer deaths,
considering both man and woman (Siegel et al., 2019). Surgery is the
most common treatment, where the tumor and adjacent lymph nodes
are removed. Chemotherapy is often used in colon cancer treatments,
which may also help to shrink the tumor before surgery. Fucoidan from
Sargassum feldmannii andS. duplicatum at different concentrations were
tested over different types of colon cancer cell lines (DLD-1, HT-29 and
HCT-116) and did not show any cytotoxicity (Usoltseva et al., 2019).
However, in a similar study, native and deacetylated fucoidan at 200
pg/ml inhibited colony formation of colon cancer cells (Usoltseva et al.,
2019). Fucoidan inhibited HT-29 cells growth, migration and sphere
formation by suppressing the PI3K/Akt/mTOR pathway (Han, Lee, &
Lee, 2015; Han, Lee, & Lee, 2015). A study that comprises in vitro and in
vivo assays showed that fucoidan inhibited the growth and angiogenesis
of colon cancer cells (Han et al., 2015a, 2015b). Specifically, the in-
traperitoneal injection of fucoidan reduced tumor volume which was
associated with induction of apoptosis and decreased angiogenesis
mediated by Akt signaling. In another in vivo study with 26 colon cancer
cell lines, the oral administration of fucoidan suppressed tumor growth
and prolonged survival times of tumor-bearing mice (Azuma et al.,
2012). The molecular weight was defined as determinant of fucoidan
anti-tumor effects and an increase of natural killer cells population may
be the possible mechanism of action. In another attempt, the activation
of caspases (via both the death receptor-mediated and mitochondria-
mediated apoptotic pathways) was associated to fucoidan growth in-
hibition and induction of apoptosis in human colon cancer cells (Kim,
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Park, Lee, & Park, 2010). Complementary, fucoidan administration led
to sub-G1 phase cell cycle arrest and inhibited cell growth and in-
creased apoptotic cell death (Kim, Kwon, & Nam, 2017). Since the
human intestine does not have enzymes able to hydrolyze fucoidan, the
administration of fucoidan may result in an increased concentration of
luminal fucoidan within the large intestine (Bilan et al., 2004; Han
et al.,, 2015a, 2015b). Having this in consideration, fucoidan seems to
be an interesting alternative for the prevention of colon cancer. Besides
this preventive effect, these studies showed that fucoidan has a potent
anti-cancer effect over colon cancer both in vitro and in vivo.

4.3. Breast cancer

Breast cancer is the most common and the second cause of deaths in
women. The chance of a woman dying of breast cancer is 1 in 37
(DeSantis, Ma, Bryan, & Jemal, 2014; Siegel et al., 2019). This type of
cancer is characterized by a lump or thickening of the breast. Surgery,
chemotherapy and radiation are the common treatment options. Che-
motherapeutics such as doxorubicin (DOX), paclitaxel (PAX) and
gemcitabine (Gem) have been used in breast cancer treatments
(Nounou et al., 2015; Tong, Wu, Cho, & To, 2018). However, these
chemotherapeutic agents often present severe side effects, namely
toxicity to healthy tissues. Fucoidan decreased the viability of MCF-7
human breast cancer cells in a dose-dependent manner and arrested the
cell cycle in G1 phase which was associated with a decrease in the
expression of specific markers (Banafa et al., 2013). Using a different
human breast cancer cell type (MDA-MB-231), low molecular weight
fucoidan inhibited cancer cells proliferation and promoted apoptosis,
which was associated with caspases activation and mitochondrial
malfunction (Zhang, Teruya, Eto, & Shirahata, 2013). The critical effect
of molecular weight was analyzed by comparing the effects of low and
high molecular weight fucoidan over two breast cancer cell lines, MCF-
7 and MDA-MB-231(Lu et al., 2018). Low molecular weight fucoidan
presented significant cytotoxicity over both cell types. Fucoidan pre-
sented a time-dependent action over MCF-7, whereas induction of
caspase-dependent apoptosis was observed in the MDA-MB-231 cells.
Fucoidan at 400 mg/kg body weight per day inhibited the proliferation
of MCF-7 cells implanted in rats, inducing cancer cells apoptosis and
suppressing cell migration by modulating E-cadherin and MMP-9 ex-
pression (He et al.,, 2019). Proliferation of MDA-MB-231 and 4T1
(mouse breast cancer cells) was inhibited in vitro, and tumorigenesis
and metastasis of the 4T1 cells was inhibited in mice, showing a de-
creased tumor volume and metastatic nodules in the lungs (Chen et al.,
2012). Fucoidan from Fucus vesiculosus presented toxicity over 4T1
cells, inducing apoptosis and down-regulation of VEGF. The tumor size
and weight, as well as the lung metastasis were reduced when fucoidan
was injected in mice breast cancer cell models (Xue et al., 2012). These
in vivo results corroborate the in vitro observations, since this response
was associated with decreased in angiogenesis and enhanced apoptosis.
The combination of fucoidan with chemotherapeutic drugs (i.e. cis-
platin, tamoxifen and paclitaxel) was also evaluated over breast cancer
cell lines. This combination increased the therapeutic efficacy of the
treatments, enhancing apoptosis in cancer cells and showing an in-
creased level of ROS, suggesting that induction of oxidative stress can
lead to cancer cells death (Zhang, Teruya, Yoshida, Eto, & Shirahata,
2013).

4.4. Melanoma

Melanoma is not the most common skin cancer, but it is the most
aggressive since it tends to spread and metastasize. It is one of the most
diagnosed cancer in young adults (age group 25-30) (Siegel et al.,
2019). Melanoma is mostly found in the skin, although it can also be
found in other parts of the body such as eyes, mouth, genitals and anal
area. This cancer appears when melanocytes mutate and become can-
cerous. It has been demonstrated that melanoma occurs by the
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activation of ERBB signaling, specifically through the ERBB3/ERBB2
cascade (Thakur et al.,, 2017). In the particular case of melanoma,
surgery is the most common treatment since, unlike many internal
cancers, it is easier to access and remove. Less common treatments may
include chemotherapy and biological therapy (Apalla, Nashan, Weller,
& Castellsagué, 2017; Linares, Zakaria, & Nizran, 2015).

Fucoidan from Undaria pinnatifida was evaluated over different
melanoma cells lines (Thakur et al., 2017). Results demonstrated that
the addition of fucoidan to a currently clinical approved inhibitor of
ERBB2/EGFR (lapatinib), inhibited melanoma cells’ viability in 85 %.
Besides tumor growth inhibition, fucoidan also reduced the morbidity
associated with prolonged use of lapatinib. In another attempt, fu-
coidan from two different sources presented toxicity over B16 cells
(murine melanoma cells) in a dose-dependent manner (Ale, Maruyama,
Tamauchi, Mikkelsen, & Meyer, 2011). Complementary results showed
that the addition of fucoidan led to morphological changes in mela-
noma cells, indicating apoptosis. Furthermore, in a mice model was
observed an enhanced natural killer cells’ activity when fucoidan was
present, acting as the key mediators of tumor cell death. In a similar
study, fucoidan from Sargassumhenslowianum C. Agardh (FSAR) and
Fucus vesiculosus (FVES) were evaluated also over B16 cells, indicating a
decreased cell proliferation (Ale, Maruyama, Tamauchi, Mikkelsen, &
Meyer, 2011). FSAR presented more effective anti-cancer effects at
lower doses than FVES, whereas the latter presented higher toxicities at
higher. Annexin V studies showed that both polymers induced apop-
tosis which was also achieved by the activation of caspase-3. In a recent
study, fucoidan from Fucus vesiculosus showed increased cytotoxicity
over melanoma cells in a dose-dependent fashion. Cells morphological
changes and apoptosis were also observed (Wang, Xu, Liang, Wang, &
Kang, 2017). Despite the use of fucoidan is rarely studied for mela-
noma, it has shown interesting and effective results that should be
further explored to treat this aggressive type of skin cancer.

5. Fucoidan-based systems for anti-cancer therapies

Most of the studies that explore the potential use of fucoidan to treat
different types of cancer use fucoidan in its soluble form. However, in
recent years, fucoidan-based systems have been developed aiming to
develop more effective anti-cancer strategies. Most of them are nano-
systems that comprise the use of nanoparticles (NPs), micelles or lipo-
somes, playing an important role in biological systems (Chollet et al.,
2016). Indeed, fucoidan has been included in nanosystems for diag-
nostic, drug delivery systems (DDS) and regenerative medicine. These
fucoidan-based systems have been summarized in Table 1.

The majority of the fucoidan-based systems have been developed for
breast cancer. Fucoidan has been electrostatically assembled with po-
sitively charged polyethylenimine, and loaded with doxorubicin (DOX),
leading to the production of NPs systems (Pawar et al., 2018). These
NPs presented a size range from 41 to 160 nm (an increase in fucoidan
ratio lead to bigger NPs), a polydispersive index (Pdi) of 0.153 and were
negatively charged. The release of DOX was evaluated at different pH,
and around 30 % of the drug was released in the first 24 h. NPs arrested
the cell cycle progression in G1-S phase, followed by apoptosis. This
NPs system presented increased cytotoxicity when compared to the free
drug, both in vitro and in vivo, where tumor shrinkage was observed.
DOX has also been encapsulated into protamine/fucoidan NPs (Lu et al.,
2017). These two compounds were able to produce stable NPs only
when weight ratios were lower than 1.0, indicating that the surface of
NPs was covered by fucoidan. Therefore, negatively charged NPs were
produced with a size around 180 nm. Approximately 70 % of DOX was
released in the first 24 h at pH 7.4, whereas at pH 4.5 the release was
considerably faster, with 80 % of DOX being released in 12 h. This
result was attributed to the deionized chemical groups and consequent
weakness of electrostatic interactions between the NPs and the drug.
The developed NPs presented increased cytotoxicity over MDA-MB-231
human breast cancer cells when compared to the same concentration of
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free DOX, which was attributed to different cellular trafficking path-
ways. Gold NPs coated with fucoidan and loaded with DOX were also
developed, being stable for up to 6 months (Manivasagan et al., 2016).
This system released the drug faster at the physiological pH, which may
reduce the toxicity of the system over normal tissues. The IC50 of these
NPs was 5 pg/ml, whereas for the drug was 30 pg/ml, corroborating the
efficacy of the system over MDA-MB-231 breast cancer cells. In a si-
milar approach, fucoidan coated gold NPsincorporating DOX were ap-
plied to remove eye tumors (Kim, Nguyen et al., 2017). NPs were stable
at physiological conditions and the system did not present toxicity to
normal cells, although presenting increased cytotoxicity over cancer
cells. The combination of this system with laser irradiation (LI) was
even more effective, inducing around 90 % of cell death (laser alone did
not present significant toxicity). The combined therapy was also the
most effective strategy in vivo, when compared with loaded NPs or laser
alone. In a different attempt, calcium carbonate microparticles pro-
duced by layer-by-layer technique (fucoidan and poly-L-ornithine), and
incubated with DOX, showed an efficient release of the drug and pre-
sented toxicity to cancer cells in a dose-dependent manner (Wang et al.,
2018). Gemcitabine (Gem) was loaded into fucoidan/chitosan NPs with
115-140 nm in diameter, a Pdi < 0.2, a positive zeta potential of 29
mV and a maximum entrapment efficiency of 42 % (Oliveira, Neves,
Reis, Martins, & Silva, 2018). These NPs presented increased toxicity
over cancer cells (around 25 %) without increasing toxicity over normal
cells, when compared to the free drug. Methotretaxe (MTX), a com-
monly used drug to treat osteosarcoma and breast cancer, present a
short blood retention time, requiring high administration doses. Trying
to circumvent this problem, self-assembled NPs comprising fucoidan
and MTX were produced (Wang, Kankala et al., 2019). NPs’ size in-
creased from 130 nm to 163 nm with the incorporation of MTX, and
around 60 % of the drug was released within 24 h. The developed
system presented increased cytotoxicity effects over MCF-7 and HeLa
cells when compared with free MTX. In another attempt, fucoidan NPs
with affinity to P-selectin were developed (Shamay et al., 2016). These
NPs encapsulated DOX, PAX or targeted MEK (mitogen-activated pro-
tein kinase kinase) inhibitor. The P-selectin was chosen because it
presents increased expression on tumor cells and vasculature than in
normal tissues. These NPs encapsulated different drugs (i.e. PAX, DOX
and MEX), aiming to develop more efficient systems to treat melanoma
and colon cancer. These targeting systems presented increased toxicity
when compared with untargeted drugs and NPs.

Fucoidan-coated manganese dioxide NPs, in combination with ra-
diation therapy (RT), resulted in significant pancreatic tumor shrinkage
(by 46 %) when compared with the untreated control group, and by
22.5 % compared to RT alone (Shin et al.,, 2018). Two different fu-
coidan-based systems were developed aiming to treat cervical cancer: a
novel complex of rutin-fucoidan presented higher toxicity over cancer
cells than to normal cells, whereas silver NPs coated with chitosan/
fucoidan presented toxicity to cancer cells at 50 pg/ml (Deepika et al.,
2019; Venkatesan, Singh, Anil, Kim, & Shim, 2018). Fucoidan-coated
sulfide NPs induced apoptosis in cancer cells, in combination with near-
infrared induced hyperthermic effect. This combined approach was
applied to different tumors (cervical, lung and leukemia), eliminating
several tumors in vivo (Jang et al,, 2018). In another attempt, super-
paramagnetic iron oxide NPs (SPIONs) were coated with fucoidan,
which conferred a longer blood circulating half-time, presenting a 2X
fold increase in glioma tumors uptake (Abdollah et al., 2018). Re-
garding colon cancer therapies, the internalization of DOX by the
cancer cells were much higher for acetylated fucoidan NPs loaded with
DOX when compared with fucoidan-DOX mixture or the free drug (Lee,
Jeong, & Na, 2013). Fucoidan-coated gold NPs presented cytotoxicity to
colon cancer cells with no toxicity to normal fibroblasts (Tengdelius
et al., 2015). Liposomes encapsulating fucoidan were also developed,
inducing apoptosis of osteosarcoma cells and reducing tumor volume
and weight in vivo, comparing to native fucoidan (Kimura, Rokkaku,
Takeda, Senba, & Mori, 2013). In a different approach, fucoidan was
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added at the surface of a hydrogel (fluorenylmethoxycarbonyl) (Li
et al., 2016). This self-assembly process was able to maintain fucoidan
bioactivity, so that the scaffold provides a non-toxic environment for
fibroblasts, although presenting toxicity to cancer cells.

These systems presented interesting results regarding their effec-
tiveness in different types of cancer. The use of fucoidan, either for the
development of drug delivery system or as a coating, increased the
toxicity over different cancer cells when compared to free drugs.
However, due to the cytotoxic effects over non-cancer cells, it is also
important to develop more effective therapies with fewer side effects,
an aspect that is still missing in some studies.

6. Conclusion and future perspectives

In this review, a brief description of fucoidan structure and physi-
cochemical properties that make it a promising and versatile poly-
saccharide are explained. Despite the enthusiastic results, and the fact
that fucoidan products have been commercialized as dietary or nutri-
tional supplements for different diseases, including cancer, the use of
fucoidan in the clinic has not been approved so far. Some contradictory
results regarding its biological outcomes may be one of the possible
reasons. Trying to overcome this issue and achieve more consistent and
reproducible results, some aspects need to be considered. Specifically, it
is known that different extraction methods can lead to fucoidans with
different chemical features that will have an impact in the final biolo-
gical outcomes. Indeed, different molecular weight, sulfates position
and degree, as well as the polymer branching had a huge influence over
the final biological activity of fucoidan. Optimization and standardi-
zation of extraction methods, that retain the structural features of in-
terest, should be addressed considering the most common and pro-
mising fucoidan species sources, namely Fucus vesiculosus. Another
relevant aspect is the need to perform structure-activity relationship
studies to elucidate the final chemical structure. Regarding the main
focus of this review, fucoidan antitumor behavior can be due to dif-
ferent mechanisms of action, making it difficult to understand and get
to a consensual pathway, which should be also elucidate. Another im-
portant aspect that is missing in some studies is the effects of fucoidan
over non-cancer cells. Despite some clear evidences that soluble fu-
coidan inhibits different cancer cell proliferation and tumor growth, its
effects over normal cells is not always stated. It is known that current
anti-cancer treatments can present severe side effects and, in this sense,
it is important that the tumor microenvironment (that comprises other
normal cells besides the cancer cells) is taken into consideration when
trying to develop more effective anti-cancer therapies. Having this in
consideration, the mechanism by which some fucoidan extracts present
a selective behavior (concentration where fucoidan presents toxicity to
cancer cells without affecting normal cells) should be investigated.
Trying to overcome the cytotoxic effects of current chemotherapeutic
drugs, DDS have been proposed. In the case of fucoidan, most of the
developed DDS are nanoparticle systems which presented increased
cytotoxic effects over cancer cells when compared with the free form of
the drug. A convincing chemical characterization, associated with
knowledge on the mechanism of action and reduced cytotoxic effects of
chemotherapeutic drugs, offer promising and reasonable hope on de-
veloping more effective fucoidan-based treatments and therapies to
fight cancer.
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