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ARTICLE INFO ABSTRACT

Keywords: Inflammation is a phenomenon responsible for the perturbation of homeostasis in several levels, with many
Inflammation sources, such as infection, injury, and exposure to contaminants. The necessity of new products that are effective in
Thefapy ) treating inflammation processes as can selectively imaging an inflammation site is a global issue. In this study, we
E:g;g;;iﬁzctherapy have evaluated the applicability of Fucoidan as a therapeutic and imaging agent. We have assessed the Fucoidan
Y in two inflammation models for therapeutic purposes: arthritis and lungs (LPS). In the case of use as an imaging
agent, we evaluated the radiolabeled Fucoidan with 99mTc in inflamed lungs (LPS). The results demonstrated that
Fucoidan has a therapeutic anti-inflammatory effect, especially in the lung model (LPS). Additionally, the imaging
application demonstrated that radiolabeled Fucoidan (99mTc-Fucoidan) has an important chemoattraction for

inflammation sites with very high bioaccumulation, which permits to think in an imaging application.
Introduction sue morphology and eventual changes due to the inflammatory process,

Inflammation is a vital defense mechanism for health and is triggered
by harmful stimuli such as pathogens, damaged cells, toxic compounds,
or radiation, and it works by removing these stimuli to promote heal-
ing and restore homeostasis to the affected tissue (Abdulkhaleq et al.,
2018; Medzhitov, 2008). The inflammatory response can lead to im-
munological tissue alterations, causing changes in their phenotype and
cell function, with no reestablishment of normal conditions, as it leads
to an adapted state of homeostasis, in which the tissue is different from
the previous state, contributing to the development and aggravation of
many pathologies of an inflammatory nature (Feehan & Gilroy, 2019).
The early detection and assessment of inflammation sites require sensi-
tive and non-invasive diagnostic methods. In this sense, molecular imag-
ing modalities are fundamental tools. They allow the evaluation of tis-

making it possible for early treatment, improving the individual’s qual-
ity of life.

Fucoidan, a general term used for a class of sulfated polysaccharides
rich in a-L-fucose, negatively charged, highly hygroscopic, and soluble
in water and acidic solutions found in sea cucumbers, sea urchins, and
brown seaweed, has been investigated as an anti-inflammatory drug. Its
structure is complex and can vary according to the species from which it
is extracted, with the time and method of purification (Fletcher, Biller,
Ross, & Adams, 2017; Luthuli et al., 2019). The various pharmacological
effects of Fucoidan include anti-inflammatory, antiviral and antitumor
activities, which are attributed to its ability to modulate some actions
of the immune response through interaction with different receptors,
such as Toll-like receptors (TLRs); complement receptor-3 (CR-3); and
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scavenger receptors on dendritic cells, macrophages, and other leuko-
cytes, as well as selecting receptors presented on platelets, leukocytes
and activated endothelium (Ale, Mikkelsen, & Meyer, 2011; (Asanka-
Sanjeewa et al., 2019; Carvalho et al., 2014)). It is known that Fucoidan
acts at different stages of the inflammatory process, such as blockade
of lymphocyte adhesion and invasion, inhibition of multiple enzymes,
induction of apoptosis (Makarenkova et al., 2012). The possible mech-
anism of action is related to the down-regulation of MAPK and NF-«B
signaling pathways followed by a decrease in pro-inflammatory cytokine
production (Apostolova et al., 2020). The increasing number of inves-
tigations in the past years have demonstrated the effects of Fucoidan
on the cardiovascular system (Yim & Yao, 2021), tissue regeneration
(Sumayya & Kurup, 2021; Lu, HT et al., 2019), arthritis (Phull, Majid,
Haq, Khan, & Kim, 2017) and pulmonary fibrosis (Wu et al., 2021), sug-
gesting an important role of Fucoidan in the clinical treatment of several
pathologies.

The use of Fucoidan as an imaging agent has been performed by
Rouzet et al. (2011), who used 99mTc-labeled Fucoidan to detect the
presence of platelet-rich arterial thrombi in a model of abdominal aor-
tic aneurysms (AAAs) in rats. Recently, Vigne et al. (2019) evaluated
the use of 99mTc-labeled Fucoidan as an imaging agent for early detec-
tion of myocarditis using in vivo model of myocarditis. In both cases,
the results showed the avidity and affinity of Fucoidan for the inflam-
matory site and the possibility of using the radiolabeled compound as
an imaging agent.

In this study Fucoidan (pure) and Fucoidan radiolabeled with 99mTc
were tested to evaluate their ability as therapeutic and imaging agents
in several in vivo models of inflammation.

Methodology
Reagents and solvents

All reagents and solvents used in all experiments were purchased
from Sigma-Aldrich.

Radiolabeling with 99mTc

The labeling process was performed using 150 pg of Fucoidan, which
was incubated with stannous chloride (SnCl,) solution (80 uL/mL)
(Sigma-Aldrich) for 20 min at room temperature, followed by the ad-
dition of 100 uCi (approximately 300 pL) of technetium-99 m.

Quality control of the labeling process with Tc-99 m

To confirm the efficacy of the radiolabeling process, Radio Thin
Layer Chromatography (RTLC) was done using Whatman paper n® 1.
In this regard, 2 ul of 99mTc- Fucoidan (Sigma-Aldrich) and acetone
(Sigma-Aldrich) as mobile phase at times of 2 and 4 and 24 h was eval-
uated. The radioactivity of the strips was verified in a y-counter (Perkin
Elmer Wizard® 2470, Shelton, CT City, State). The RTLC was performed
in triplicate for each time.

Animals

C57BL/6 mice, male and female (20-30 g), were obtained from Os-
waldo Cruz Foundation breeding unit (Rio de Janeiro, Brazil) or the Mul-
tidisciplinary Center for Biological Research (CEMIB) (UNICAMP, Sao
Paulo, Brazil) and housed in standard plastic cages coated with white Pi-
nus wood shavings as bedding, and stainless-steel cover lids. Cages were
maintained under controlled room temperature (23 + 2 °C), relative air
humidity (app.70%), and a 12 h light-dark cycle. All mice were kept
with free access to filtered water and standard rodent chow. According
to the Guide for the Care and Use of Laboratory Animals (NIH), all exper-
iments were conducted. The Institutional Review Board and the Animal
Ethics Committee approved the study protocol (CEUA UEZO 001/2015,
CEUA IPEN 181/2017, CEUA FIOCRUZ LW-43/14, CEUA I0C 001/19).
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Biodistribution of 99mTc-Fucoidan

Animals were injected with intravenous injection (retro-orbital si-
nus) of 99mTc Fucoidan (3.7 MBq/0.2 mL) and, two hours later, killed
by CO, inhalation. Blood and several organs (heart, brain, stomach,
small and large intestines, bladder, left and right lungs, left and right
kidneys, liver, spleen, and pancreas) were removed and weighed. Tis-
sue radioactive uptake was measured using a gamma counter (Wizard
2470, Perkin Elmer), and the results were expressed as a percentage of
the injected dose per gram of tissue.

Uptake of 99mTc-Fucoidan in inflamed site

Animals were divided into two groups (inflamed and non-inflamed)
received by installation 99mTc Fucoidan (3.7 MBq/0.2 mL) and 2 h post-
injection they were euthanized by CO, inhalation and had both lungs
(right and left) removed, weighed, and the radioactive tissue uptake
measured using a gamma counter (Wizard 2470, Perkin Elmer). Results
were expressed as the percentage of injected dose per gram of tissue.

Model of inflammatory arthritis

Joint Inflammation was induced by intra-articular (i.a.) injection of
zymosan (500 ug/cavity) that was diluted in sterile saline to a final vol-
ume of 25 uL (Rosas et al., 2015; Correa et al., 2016). Control animals
received, i.a., injection of an equal volume of sterile saline. Knee-joint
swelling was evaluated by measuring the transverse diameters of each
knee joint using digital calipers (Digmatic Caliper, Mitutoyo Corpora-
tion, Kanagawa, Japan). Values of knee joint thickness were expressed
in millimeters (mm) as the difference of the knee-joint diameter before
and after the induction of articular Inflammation (A). After 24 h of joint
inflammation induction, the mice were euthanized using an excess of
anesthetic (sodium pentobarbital 3% - Hypnol). Knee synovial cavities
were washed with 300 L of PBS containing EDTA (10 mM). Total leuko-
cyte counts were performed in an automatic particle counter (Coulter
Z2, Beckman Coulter Inc., Brea, CA, USA). Differential cell counts were
performed under light microscopy (100x) using cytospin smears (Cy-
tospin 3, Shandon Inc., Pittsburgh, PA, USA) stained according to the
May-Grunwald-Giemsa method. The counts were reported as the num-
ber of cells per cavity (x10°).

Animals were treated with Fucoidan, at a dose of 100 mg/kg, di-
luted in filtered water, and administered either orally (p.o.) (200 L) or
intraperitoneally (i.p.) (100 L), 1 h before zymosan stimulation. The
same volume of vehicles was administered to the control groups. Ani-
mals were divided into four experimental groups: at least five animals
- 1) saline-stimulated; ii) zymosan-stimulated and treated with vehicle;
iii) zymosan-stimulated and treated with Fucoidan by oral route, and iv)
zymosan-stimulated and treated with Fucoidan by intraperitoneal route.

Model of lung inflammation by LPS

Lung inflammation was induced in mice anesthetized with a mixture
of isofluorane (0.5%) and atmospheric air by oropharyngeal aspiration
of LPS (25 pg/25 pL) (from E. coli serotype 0127:B8; SIGMA, St. Louis,
MO, USA) or sterile saline (control group). The analyses were performed
24 h after the LPS instillation. For the analysis of cells infiltrated into
the airways, animals were killed with ketamine (300 mg/kg), and xy-
lazine (30 mg/kg) and the bronchoalveolar lavage fluid (BALF) obtained
after lushing the airways with twice 750 uL of PBS with ethylenedi-
amine tetra-acetic acid (EDTA, 10 mM). BALF was retrieved and cen-
trifuged (3000 rpm, 4 °C for 10 min), and the cell pellet was resuspended
in EDTA-PBS (250 pL). Total leukocytes were counted in a Neubauer
chamber using Tiirk solution. The differential analysis was performed
in cytocentrifuged smears stained with May-Grunwald-Giemsa dye un-
der an oil immersion objective and light microscopy (Olympus BX50).
Final counts were reported as the number of cells (x10°) per BALF.
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Table 1

Percentage of labeled
Fucoidan over time, after
ascending chromatograms
of  %MTc  compared
with free pertechnetate
(Na®mTcO,").

Time (h) Labeling (%)
0 99.9 + 0.4%
1 99.9 + 0.5%
2 99.8 + 0.3%
4 99.8 + 0.6%
6 99.1 + 0.4%
24 99.6 + 0.5%

Animals were treated with Fucoidan (100 mg/kg), diluted in filtered
water, and administered intravenously, 22 h after LPS stimulation. The
same volume of vehicles was distributed into the control groups. Ani-
mals were divided into three experimental groups, consisting of at least
six animals: i) saline-stimulated; ii) LPS-stimulated and treated with ve-
hicle; iii) LPS-stimulated and treated with Fucoidan.

Statistical analysis

For statistical analysis, GraphPad Prism 5.0 was used. All data are
presented as mean + SD. Two-way analysis of variance (ANOVA) fol-
lowed by Bonferroni post hoc test or T-test student were used for anal-
ysis. The significance level was set at p < 0.05 or p < 0.01.

Results
Radiolabeling with 99mTc and quality control of the labeling process

The radiolabeling process using pure Fucoidan and technetium 99
metastable by a direct radiolabeling process showed to be an efficient
methodology with over 95% of efficacy in 24 h (Table 1).

Biodistribution of 99mTc-Fucoidan

The biodistribution of 99mTc-Fucoidan (Fig. 1) showed a ubiquitous
behavior with Fucoidan uptake in several organs. The organs that de-
served more attention were: liver (£ 29.08%), stomach (X 6.73%), large
intestine (X 14.5%), kidneys (X 30.78%), and lungs (X 5.52%).

Uptake of 99mTc-Fucoidan in inflamed site

We next investigated the uptake of 99mTc-Fucoidan in inflamed tis-
sue. As expressed in Fig. 2, it is possible to observe a higher uptake in
inflamed lungs (£ 9.79) rather than not-inflamed lungs (X 5,38).

Fucoidan effect on articular inflammatory response induced by zymosan

Previous reports have demonstrated that, i.a., injection of zymosan-
induced, an articular inflammatory response within 24 h, character-
ized by a significant increase in edema formation and massive neu-
trophil influx (approximately 90% of total leucocytes). We examined
the anti-inflammatory effects of Fucoidan in this murine model of ar-
ticular inflammation and observed that mouse pretreatment with Fu-
coidan (100 mg/kg; i.p) 1 h before i.a. zymosan stimulation signifi-
cantly impaired zymosan-induced edema formation within 24 h. How-
ever, treatment with Fucoidan did not substantially inhibit edema for-
mation (Fig. 3A). Treatment by oral or i.p. with Fucoidan also did not
deter the migration of leukocytes into the synovial cavity (Fig. 3B-D).
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Fucoidan effect on lung inflammation by LPS

LPS stimulation of C57BL/6 mice yielded a significant increase
in total leukocyte numbers in the BALF. The elevation in leukocyte
counts was accounted for by a considerable increase in the number of
neutrophils. These changes were sensitive to treatment with Fucoidan
(100 mg/kg, i.v.) (Fig. 4).

Discussion

Inflammation is a vital defense mechanism for health. The early de-
tection of the inflammation process through sensitive and non-invasive
diagnostic methods allows early treatment and quality of life. Here, we
observed that Fucoidan could act as a therapeutic and possible imaging
agent in classical in vivo models of inflammation.

The direct radiolabeling process using 99mTc showed to be effi-
cient in reducing inflammatory parameters, such as edema formation
and leukocyte migration. To reach this, we conjugate Fucoidan with
99mTc that allows us to analyze the capacity of Fucoidan to act as
a therapeutic and imaging agent. In this context, the presence of sev-
eral reactive groups, including alkyl groups and sulfo groups in the
structure of Fucoidan, aids in the conjugation reaction with 99mTec,
especially in [99mTc = 03+] or [99mTc(CO3)]1* core configuration.
The [99mTc = 03*] is the most common core used for radiolabeling
with 99mTc complexes. In this reaction, due to the presence of sulfo
groups, the 99mTc would assume a square pyramidal geometry, with
the technetium (99mTc) in the middle of the structure. In the case of
[99mTc(CO4)]+ with the reaction occurring with the methyl group of
the structure, probably an octahedral geometry with 99mTc in the mid-
dle of the structure will be formed to stabilize the charges and density
of the complex (Costa, Ilem-Ozdemir, & Santos-Oliveira, 2019). In both
cases, a stable and effective complex of Fucoidan and 99mTc will be
formed.

The biodistribution assay indicates the usefulness and effectiveness
of the radiopharmaceutical. This assay allows for evaluating and quan-
tifying the radiopharmaceutical uptake in tissues and determining how
it is excreted from the body (Duatti, 2021). In this study, we showed
higher uptake of Tc-99m-labeled Fucoidan in kidneys (30.78%) and
liver (29.08%), while in other viscera organs, the uptake was lower.
The uptake in the large intestine was 14.5%, 6.73% in the stomach, and
5.52% in the lungs. As the liver and kidney uptake was very similar, it is
impossible to confirm whether the radiopharmaceutical excretion was
predominant in the hepatobiliary or the kidneys system. Even so, the
kidney system eliminated a significant fraction, which is an interesting
route due to lower radiation exposure. However, complementary studies
should be done to determine the time of renal clearance. In confirming
so, this radiopharmaceutical could be useful for obtaining dynamic im-
ages for morphological imaging (Chigoho, Bridoux, & Hernot, 2021). In
addition, the higher uptake in this organ can be advantageous for other
clinical applications. Tan J et al. (2020) describes the use of Fucoidan
to treat nephrotic syndrome, including a Fucoidan-based drug approved
by the Chinese Food and Drug Administration in 2003 for the treatment
of kidney disease (Wang, Geng, Yue, & Zhang, 2019.

As mentioned above, we show in this study that there was also a
significant uptake of 99mTc-labeled Fucoidan in the liver. The elimina-
tion of this radiopharmaceutical through the hepatobiliary system could
measure liver function and potentially identify patients at risk for liver
failure. This could provide valuable information in the pre-and postop-
erative estimation of patients with hepatobiliary disease (Hoekstra et al.,
2013; Lambie et al., 2011). Also, due to the affinity of 99mTc-labeled
Fucoidan for the lower gastrointestinal tract, this radiopharmaceutical
could be used to provide images for diagnosis and follow-up of inflam-
matory bowel disease characterized by recurrent local Inflammation
(Dmochowska & Wardill, 2018). We propose that 99mTc- conjugated
Fucoidan could be used as a non-invasive technique to treat several in-
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Fig. 1. Biodistribution of 99mTc-Fucoidan in healthy animals.
Animals were injected with intravenous injection of 9mTc Fu-
coidan (3.7 MBq/0.2 mL). Blood and several organs were re-
moved and weighed. Tissue radioactive uptake was measured
using a gamma counter, and the results were expressed as a
percentage of the injected dose per gram of tissue.
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Fig. 2. Lung uptake of 99mTc Fucoidan showing the higher uptake in inflamed
lungs. Lung inflammation was induced by oropharyngeal aspiration of LPS
(25 pg /25 pL), and 99mTc Fucoidan (3.7 MBq/0.2 mL) was instilled. 2 h post-
installation, both lungs (right and left) were removed, weighed and the radioac-
tive tissue uptake was measured using a gamma counter. Results were expressed
as the percentage of injected dose per gram of tissue. * p < 0,01 when compared
to right lung inflamed; # p < 0,01 when compared to left lung inflamed.

flammatory pathologies, which would be more comfortable for the pa-
tient during the treatment period.

Non-invasive imaging techniques such as magnetic resonance imag-
ing (MRI), single-photon emission computed tomography (SPECT), and
positron emission tomography (PET) is widely used for assessing disease
activity and monitoring response to treatment. The Radionuclide-based
SPECT and PET images have advantages over other modalities because
they provide molecular function information, high sensitivity, and high
contrast (Lee, Ehlerding, & Cai, 2019; MacRitchie et al. 2020). The de-
velopment of SPECT and PET imaging for chronic inflammatory diseases
has three main targets that can be classified into different categories: (1)
cell adhesion molecules; (2) surface markers on immune cells; and (3)
cytokines or enzymes (Lee et al., 2019).

Saboural et al. (2014) labeled Fucoidan with 99mTc for develop-
ing a molecular imaging agent to diagnose acute coronary syndrome in

30 35

rats with transient myocardial ischemia. In an experimental model of
autoimmune myocarditis, 99mTc-labeled Fucoidan was used to access
the inflammation site early. SPECT/CT with 99mTc-labelled Fucoidan
accurately diagnosed the inflammatory process in the early stages of au-
toimmune myocarditis. This study showed the great potential of 99mTc-
labeled Fucoidan in monitoring the evolution of this disease and the
effectiveness of therapy (Vigne et al., 2020).

These works corroborate the results obtained in this study regarding
the use of this sulfated polysaccharide as an imaging agent. We demon-
strated a great uptake of Tc-99m-labeled Fucoidan in inflamed lungs (£
9.79) compared to the uptake in healthy lungs (£5.38). This difference
could be related to the affinity of Fucoidan to bind specific targets in the
inflammatory site. The results obtained clearly show a lower migration
of leukocytes to the area of inflammation, both articular and pulmonary.

Another mechanism that may explain the anti-inflammatory action
is the ability of Fucoidan to modulate the immune response through
the inhibition of pro-inflammatory signaling pathways, such as mitogen-
activated protein kinases (MAPK) and nuclear factor-«B (NF-xB) (Tsay
et al., 2021; Wang et al., 2019; Pradhan et al. 2019; Manikandan et al.,
2020). It was shown that Fucoidan inhibits LPS-induced inflamma-
tion via blocking NF-xB and MAPK pathways

Fucoidan is presumed to bind to specific glycoprotein receptors on
the surface of macrophages, dendritic cells, and other leukocytes such
as TLR4 receptors; CD14; CR3; SR1. This can result in the downregula-
tion of genes related to this pathway, inhibiting the expression of pro-
inflammatory cytokines and other processes regulated by them, such as
NF-kB (Lin et al., 2018; Lin et al., 2020). For example, Fucoidan can
inhibit tumor cell migration and lymphocytes recruitment by suppress-
ing CCL22 in M2 macrophages via NF-kB-dependent transcription. Data
from this study showed that oral administration of Fucoidan did not
significantly inhibit zymosan-induced edema formation.

Many authors have evaluated the anti-inflammatory activity of Fu-
coidan in different experimental models, applying it via gavage or
adding it to the animals’ feed, as shown in Table 2 below.

In these studies, Fucoidan was administered orally for a certain pe-
riod, which may have contributed to the positive results described in
them. On the other hand, the anti-inflammatory action reported in this
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Fig. 3. Fucoidan effect on edema and leukocyte migration during zymosan-induced arthritis. (A) Knee joint thickness was measured with a digital caliper before and
24 h after zymosan stimulation. Mice were pretreated with fucoidan (Fuc) (100 mg/kg) orally or intraperitoneally 1 h before stimulation, and after 24 h of zymosan,
i.a. injection (500 pg/25 pL/cavity), knee synovial cells were recovered and analyzed in (B) total leukocyte, (C) neutrophils and (D) mononuclear cells migration.
Control animals received sterile saline, i.a., injection (25 uL/cavity). Data were presented as mean + SEM (n = 6). Statistically significant (P < 0.05) are indicated

between stimulated and non-stimulated groups (*) and between treated and non-treated groups (+).

Table 2

Anti-inflammatory activity of orally administered Fucoidan.

Disease

Treatment with fucoidan

Outcomes

Mechanisms

Reference

Radiation Pneumonitis
Formalin induced

paw-edema

Thioacetaide-induced
Liver injury

Surgically induced
endometriosis

200 mg/kg/day oral
gavage for 14 days

50 mg/kg/day oral
gavage for 7 days

20 mg/kg/day by oral
gavage for 42 days

50-150 mg/kg/day by
oral gavage for 42 days.

Attenuated induced
fibrosis; decreased
leukocyte accumulation
Anti-nociceptive effect
and decreased the size of
paw swelling edema

Hepatoprotective effect
suppression of the
inflammatory responses
and acting as an
antioxidant
anti-inflammatory
effects; reduced the
volume and weight of
endometriotic lesions

Changed the expression
Patterns of inflammatory
cytokines

Retained p65/nf-kb
transcription factor
showing downregulation
of expression of
pro-inflammatory
mediators

Hepatic antioxidative
enzymes; and a lower
alt, ast, tnf-a, il-14, and
c-reactive protein

Inhibited the viability
and migration; decreased
inflammatory cytokines
and VEGF

Yu et al., 2018

Manikandan et al., 2020

Tsai et al., 2021

Chang et al., 2020

study, in which the anti-inflammatory action of orally administered Fu-
coidan was not expressive, can be justified by the low frequency of ad-
ministration of this polysaccharide right before the induction of edema
with zymosan, or it could be that the model used not ideal, as the zy-
mosan model produces an acute inflammatory response and substances
that mainly interfere with innate immunity tend to be more successful.

Finally, based on the evidence available, the Fucoidan mecha-
nism is widely known (Table 3). They can mimic the P-selectin gly-
coprotein ligand-1 (PSGL-1), exhibiting a high affinity for P-selectin
over expressed by activated platelets consequently blocking P-selectin
(Bachelet et al., 2009). P-selectin is a cell surface adhesion molecule
which mediates leukocyte-endothelial cell adhesion (Cheng et al.,

2020). P-selectin is stored in membranes of a granules of platelets
and Weibel-Palade bodies of endothelial cells. When mediators such as
thrombin or histamine activate these cells, the granules fuse with the
plasma membrane and P-selectin is rapidly redistributed to the cell sur-
face. P-selectin interacts reversibly with PSGL-1, a trans-membrane ho-
modimeric mucin on leukocytes. These interactions mediate leukocyte
rolling on activated platelets and endothelial cells. So, P-selectin initi-
ates leukocyte recruitment during inflammation (Panicker et al., 2017).
Due to the activation of the inflammatory process in the lung by LPS or in
the joint by zymosan, there is probably an overexpression of P-selectin,
which justifies accumulation of 99mTc-Fucoidan in the inflammatory
site. Thus, a functional radiolabeled compound as with ligands for tar-
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Studies on the mechanism of action of Fucoidan.
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System

Indication

Fucoidan functions

Method

Results

Reference

Nano drug delivery
system (NDDS)
(MnO2/uPA@pep-Fuco)

Nanoparticle-based drug
delivery systems

P-selectin-specific
complex nanoparticles
(CNPs)

Fucoidan-functionalized
dextran
submicroparticles (SPs)

Thrombolytic therapy

Thrombosis

in vitro MR imaging of
inflammatory
endothelial cells model

in vitro amidolytic and
fibrinolytic activities

Surface modification to
improve poor water
dispersibility and low
biocompatibility of
MnO2 NPs

Fu can strongly bind to
activated platelet-rich
thrombi through
P-selectin-based ligand—
receptor interactions

Lower molecular weight
fucoidan (LMWF)
inhibited P-selectin
binding, and modulated
P-selectin and provided
with other biological
functions including
promotion of
revascularization and
endothelial protective
activities

Fucoidan emerged as an
affordable, high-quality
targeting ligand to
P-selectin that was prior
validated by the group
on various
polysaccharide-based
nano- & microsystems
for molecular diagnostics
and targeted therapy

Thrombin-responsive
peptide (GGLVPRGFGG,
pep) as the bridge to
connect MnO2 NPs and
Fucoidan

To ensure targeted
delivery of Uk and ICG
to a thrombus site, we
used Fu as an activated
platelet-specific ligand to
modify the
Uk/ICG@Si-AuNR
nanocomposite

Combine LMWF
(LMWE8775,
thermolysin-hydrolyzed
protamine peptide (cell
penetrating peptide,
TPP1880) and Gd-DTPA
in a nanosystem for in
vitro MR imaging of
inflammatory
endothelial cells model

Fabricated novel
fucoidan-functionalized
dextran
submicroparticles (SPs)
by a green chemistry
method using fully
biodegradable and
biocompatible
compounds, all of them
approved by the

FDA.

SPs were synthesized by
co-crosslinking of
fucoidan and former
dextran macrocomplexes
within 110 the droplets
of a water-in-oil
emulsion

NDDS specifically
accumulate at
platelet-rich

thrombus because of the
ligand-receptor
interaction between Fuco
and P-selectin.
P-selectin specific
Si-AuNR nanocomposite
can efficiently and safely
deliver ICG and Uk to
thrombi with
photothermal/e zymatic
thrombolytic effects and
NIR II fluorescence
imaging function (ICG)
for thrombosis imaging
and therapy

The nanoplatform
integrating multiple
functionalities such as
P-selectin targeting, cell
penetrating, and MR
imaging in the CNPs can
selectively deliver
Gd-DTPA to
PMA-stimulated,
activated HUVECs

Fucoidan functionalized
SPs have a high and
specific affinity to
P-selectin and
accumulate on activated
platelet aggregates and
bind to the thrombi in
vivo and proved superior
in vivo thrombolytic
efficacy in a mouse
stroke thrombin model
Particles exhibited good
colloidal stability and
were cytocompatible
with human endothelial
cells and exhibited good
MR contrast properties

Zhang et al., 2021

Chang et al., 2021

Cheng et al., 2020

Zenych et al. 2021

Forero Ramirez et al.,
2020

geting P-selectin can be used to deliver imaging and therapeutic agents
for treatments of the diseases associated with increased expression of

P-selectin.

Conclusion

Biospecific Evaluate the cytotoxicity, Able to bind to human
polysaccharide-based contrast properties and activated platelets for
submicronic particles targeting capacity of the  atherothrombosis
(SPs) obtained objects imaging by MRI
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Fig. 4. Effect of treatment with Fucoidan (100 mg/kg) on LPS-induced leuco-
cyte changes (total and differential cell counts) in the BALF. The bronchoalveo-
lar lavage fluid from C57BL/6 mice was collected 24 h after LPS (25 pg) stimu-
lation. Values are mean + SEM from at least six animals. *P < 0.05 as compared
with saline-stimulated mice. *P < 0.05 as compared with LPS-stimulated mice.

In this study, we demonstrated for the first time that Fucoidan could
act as an imaging agent in inflammatory models. There is already a
phase 1 clinical trial reporting the first human evaluation of 99mTc-
labeled Fucoidan SPECT for P-selectin imaging, demonstrating a good
biodistribution and safety profile (Zheng et al., 2019). To date, two clin-
ical trials are ongoing. These trials are focused on the biodistribution
and tolerance of Fucoidan. Healthy volunteers are involved in trials in-
volving the biodistribution, safety, and dosimetry of a labeled Fucoidan
(ClinicalTrials.gov, Identifier: NCT03422055). In another trial, patients
with stage III-IV non-small cell lung cancer (NSCLC) are being stud-
ied (in a placebo-controlled trial), in which Fucoidan is added to their
chemotherapy treatment to determine the impact it would have. Present
in your quality of life (ClinicalTrials.gov, Identifier: NCT03130829). The
results of these studies (clinical trials) will play an important role in ob-
taining information about ADME and Fucoidan toxicity in humans. Al-
though Fucoidan extracts have not been approved for biomedical pur-



B. Costa, L.B. Corréa, P.M.e. Silva et al.

poses, research on the bioactivity of this compound has increased expo-
nentially in recent years, with a focus on its application as drug delivery
agents, biomaterials, and therapeutic agents.
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