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A low-molecular-weight (LMW) heterofucan (designated fucan B) was obtained from the brown seaweed,
Spatoglossum schröederi, and its activity as an inhibitor of capillary-like tube formation by endothelial cells
(ECs) was analyzed. Chemical, infrared and electrophoretic analyses confirmed the identity of fucan B. In contrast
to other LMW fucans, fucan B (0.012–0.1 mg/mL) inhibited ECs capillary-like tube formation in a concentration-
dependentmanner. In addition, fucan B (0.01–0.05 mg/mL) did not affect ECs proliferation. Fucan B also inhibited
ECsmigration on a fibronectin-coated surface, but not on laminin- or collagen-coated surfaces. Biotinylated fucan
B was used as a probe to identify its localization. Confocal microscopy experiments revealed that biotinylated
fucan did not bind to the cell surface, but rather only to fibronectin. Our findings suggest that fucan B inhibits
ECs capillary-like tube formation and migration by binding directly to fibronectin and blocking fibronectin sites
recognized by cell surface ligands. However, further studies are needed to evaluate the in vivo effects of fucan B.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Angiogenesis is a complex physiological process that is crucial dur-
ing embryo development, wound healing, and collateral vessel forma-
tion for improved organ perfusion. This process includes protease
production, endothelial cells (ECs)migration and proliferation, vascular
tube formation, anastomosis of newly formed tubes, and synthesis of a
new basement membrane. Angiogenesis is controlled by many types
of endogenous biomolecules that can be either pro- or anti-angiogenic
[1]. An imbalance of these molecules can cause abnormalities that are
usually associatedwith various disorders, including cancer [2,3]. Several
review articles describe the role of angiogenesis in cancer development
and the use of anti-angiogenic molecules in treating cancer [4].
io Grande do Norte, Centro de
de Biotecnologia de Polímeros
Anti-angiogenic or angiogenesis inhibitors can be divided into:
(i) direct inhibitors that target ECs in the growing vasculature, and (ii)
indirect inhibitors that target either tumor cells or other tumor-
associated stromal cells. Some molecules, such as sulfated polysaccha-
rides, can be included in both groups [5].

Fucans are sulfated L-fucose-rich homo- and heteropolysaccharides
that can be extracted from brown seaweeds [6], sea urchin, and sea cu-
cumbers [7]. Frequently, fucans from seaweed are referred to as
fucoidans. These sulfated polysaccharides can function as anti-
angiogenic or pro-angiogenic agents. Recently, this topic was thor-
oughly reviewed by Ustyuzhanina and colleagues [8]. Although the
structural features that determine whether fucans function as po-
tent pro- or anti-angiogenic agents remain unknown, the authors
indicated that fucan molecular weight is a determining factor.
High-molecular-weight (HMW) fucans are anti-angiogenic agents,
while low-molecular-weight (LMW) fucans act as pro-angiogenic
agents.

Fucans obtained from at least 11 seaweeds have been shown to ex-
hibit anti-angiogenic activities [8]. However, only one anti-angiogenic
galactofucan was isolated, specifically from the seaweed, Undaria
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pinnatifida. This 95.21 kDa galactofucan inhibited human umbilical vas-
cular endothelial cell (HUVEC) proliferation and migration and de-
creased tubulogenisis in vitro. However, there are no data regarding its
chemical structure [9].

We extracted a galactofucan, designated fucan B, from the seaweed
Spatoglossum schröederi. This 21.5 kDa fucan is composed of galactose,
fucose, xylose, and sulfate (1: 2: 0.5: 2, respectively) and trace amounts
of glucuronic acid. We suggest that fucan B contains a central core pre-
dominantly formed by 4-linked beta-galactose units that are partially
sulfated at C3. Approximately 25% of galactose units contain oligosac-
charide side chains (mostly tetrasaccharides) composed of 3-sulfated,
4-linked α-fucose and one or two nonsulfated 4-linked β-xylose units
at the reducing and nonreducing ends, respectively [10].

Using wild-type Chinese hamster ovary cells (CHO-K1), we previ-
ously showed that fucan B inhibits CHO-K1 cell migration on a
fibronectin-coated substrate. Thus, we suggested that fucan B binds to
fibronectin and activates integrins, mainly integrin α5β1, to inhibit
CHO-K1migration [11]. Overall, fucanB is a LMW fucan that bindsfibro-
nectin, thus inhibiting cell migration. However, the effect of fucan B on
EC migration was not evaluated. Therefore, the aim of the present
study was to evaluate the effects of fucan B on ECs migration and
capillary-like tube formation in order to determine whether 21.5 kDa
is the molecular weight limit for eliciting pro-angiogenic effects.
2. Materials and methods

2.1. Materials

Matrigel, 1-(3′-dimethylaminopropyl)-3-ethylcarbodiimide, sulfu-
ric acid, hydrochloric acid, ethylenediamine (1,2-diaminoethane), lam-
inin from Engelbreth–Holm–Swarm murine sarcoma basement
membrane, type I collagen from rat tail,fibronectin fromhumanplasma,
potassiumbromide and dextrans of variousmolecularweightswere ob-
tained from Sigma-Aldrich (St. Louis, MO, USA). Sodium bicarbonate,
F12 medium, non-essential amino acids, fetal bovine serum (FBS), so-
dium pyruvate, and phosphate buffered saline (PBS) were purchased
from Invitrogen (Carlsbad, CA, USA). Ham's Nutrient Mixture F-12 me-
dium (F-12 medium) was purchased from Cultilab (Campinas, São
Paulo, Brazil). Goat polyclonal anti-fibronectin IgG (anti-FN) was pur-
chased from Santa Cruz Biotechnology (Dallas, TX, USA). Biotin-
hydrazide was purchased from Pierce Chemical Co. (Rockford, IL,
USA). The secondary antibody conjugated to fluorescein isothiocyanate
(FITC) and streptavidin conjugated to Texas Red were purchased from
Thermo Scientific (Waltham, Massachusetts, EUA). Other solvents and
chemicals used in this study were of analytical grade.
Table 1
Chemical composition and molecular weight (MW) of Fucan B extracted from the brown
seaweed, S. schröederi.

Sample MW
(kDa)

Sulfate
(%)

Protein
(%)

Molar ratio

Fucose Galactose Xylose Glucuronic
acid

Fucan B 21.5 19.0 – 1.0 2.0 0.5 N0.1
2.2. Fucan extraction and purification

Seaweeds were collected from the northeastern coast of Brazil
(6°00′22.8”S 35°06′26.9″W) and washed in tap water to remove sand,
salt, and epiphytes. Seaweeds were dried at 50 °C in a ventilated oven,
ground in a blender, and incubated with acetone to eliminate lipids
and pigments. The powdered seaweeds were suspended with 500 mL
of 0.25M NaCl, and the pH was adjusted to 8.0 with NaOH. Prolav 750
(Prozyn Biosolutions, São Paulo, SP, Brazil), a mixture of alkaline prote-
ases, was added. The seaweed suspensions were incubated for 24 h at
60 °C with agitation and the pH periodically adjusted to 8.0. Suspen-
sions were filtered through cheesecloth. The filtrate was fractionated
by precipitation using crescent volumes of acetone (0.5, 0.6, 0.7, 0.9,
1.1, 1.3, and 2.0 volumes) and stored at 4 °C for 24 h. The precipitate
that formedwas collected by centrifugation (10,000g, 20 min). The frac-
tion that contained fucan B (obtained with 0.9 volumes of acetone) was
freeze-dried. Fucan B was isolated by ion exchange chromatography as
previously described [10,11].
2.3. Fourier transform infrared spectroscopy (FT-IR)

Fucan B (10 mg) was mixed thoroughly with dry potassium bro-
mide. A pellet was prepared and the infrared spectrum was measured
between 500 and 4000 cm−1 on a Thermo-Nicolet Nexus 470 ESP FT-
IR spectrometer. Thirty-two scans with a resolution of 4 cm−1 were av-
eraged and referenced against air.

2.4. Chemical analysis and monosaccharide composition

Fucan B was hydrolyzed with 2 M HCl for 2 at 100 °C and its sugar
composition was determined as previously described [10]. In addition,
total sugars, sulfate, and protein contentwere determined as previously
described [11].

The molecular weight of fucan B was determined by HPLC in 0.2 M
NaCl, 0.5% ethanol, using a GF-250 column (Asahipak GF series, Asahi
Chemical Industry Co., Yakoo, Japan). The column was calibrated with
standard dextrans, as described previously [10].

2.5. Cell culture

ECs derived from rabbit aorta [12] were used in this study. This cell
line has many characteristics of other ECs including blood compatibility
and expression of vonWillebrand factor (a tissue factor pathway inhib-
itor) and estrogen receptors. In addition, they produce the anticoagu-
lant, heparan proteoglycan, and fibronectin, and develop capillary-like
structures in vitro [13]. ECs were maintained in a humidified atmo-
sphere at 37 °C and 2.5% CO2 in F-12 medium supplemented with 10%
FBS and antibiotics.

2.6. BrdU incorporation

ECs (5 × 103 cells/well) were seeded into 96-well plates with 300 μL
of fresh medium and incubated for 12 h at 37 °C and 2.5% CO2. The me-
diumwas removed, fucan B in F12mediumwas added to a final concen-
tration between 0.01 and 0.5 mg/mL, and plates were incubated for 24
h, at 37 °C and 2.5% CO2. After incubation, unbound fucan B were re-
moved bywashing the cells twice with 200 μL PBS and BrdU incorpora-
tion was determined according tomanufacturer's instruction (BrdU cell
proliferation assay kit - Cell Signaling, Danvers, MA, USA).

2.7. Annexin V-FITC/PI double staining and analysis by flow citometry

To evaluate the effects of fucan B on EC death, a FITC/Annexin V Ap-
optosis Kit was used,with Dead Cell Annexin FITC and propidium iodide
(PI), for Flow Cytometry (Invitrogen, Catalog no. V13242). ECs were
grown in 6-well plates until they reached confluence of 2 × 105 cells/
mL and were then stimulated to enter G0 in a medium without serum
for 24 h. Next, cells were to exit G0 by adding F-12 supplemented with
10% FCS, in the presence of fucan B (0.5 mg/mL). A negative control
was prepared without the presence of fucan B. After 24 h, ECs were
trypsinized, collected and washed with cold PBS. The supernatant was
discarded and cells were resuspended in 200 μL of 1× Binding Buffer.
Five microlitres of Annexin V-FITC and 1 μL of PI solution (100 μg/mL)
was added in 100 μL of cell suspension. Cells were incubated for 15
min at room temperature and kept under light protection. After the in-
cubation period, 400 μL of binding buffer for annexin V 1× was added



Fig. 2. The inhibitory effect of fucan B on endothelial cell capillary-like tube formation. A, Control (no treatment); B, Fucan B 0.012mg/mL; C, Fucan B 0.025mg/mL; D, Fucan B 0.05mg/mL;
E, 0.1 mg/mL; F, Quantitative analysis of tube formation. *p b 0.05.

Fig. 1. Infrared spectra of fucan B from 4000 to 400 cm−1.
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and cells were analyzed by flow cytometry (flow cytometer FASCANTO
II, BD Biosciences), measuring fluorescence emission at 530–575 nm for
annexin V and 630/22 nm for PI. A total of 10.000 events were acquired.
FlowJo software V×10.0.7 (Tree Star, Inc., Ashland, OR, USA) was used
for data analysis.
2.8. Capillary-like tube formation on reconstituted basement membrane

The tube formation assay was performed as previously described
[11]. Matrigels were thawed at 4 °C on ice, plated on 24 well-plates,
and incubated at 37 °C for 16 h. F12 medium supplemented with 10%
FBS, ECs (1 × 104) and fucan B (0.012, 0.025, 0.50, or 0.1 mg/mL) or
PBS (control) were added to wells. Plates were incubated in a humidi-
fied atmosphere at 37 °C and 2.5% CO2. After 24 h, three images covering
different areas of each well were randomly captured using an inverted
light microscope at 100× magnification. Tubes composed of connected
cells that formed on matrigels were measured for total segment length
(μm) using image analysis software (Image J, version 1.49j; NIH, Be-
thesda, MD, USA, 2014).
2.9. Biotinylation of fucan B

Fucan B was biotinylated as described previously [14] using biotin-
hydrazide. Briefly, 1-(3′-dimethylaminopropyl)-3-ethylcarbodiimide
(EDAC, 200 mmol) was added to a solution containing 200 mol of
biotin-hydrazide and 10mg of fucan B dissolved in 0.1 M HCl (20 mL).
The reaction was maintained at pH 4.8 with 0.01 M HCl. After 1 h, so-
dium acetate to a final concentration of 0.5 M was added to quench
the reaction, and the solutionwas stirred for an additional 1 h. UV scan-
ning from190 to 260 nmwas performed to determine the amount of bi-
otin bound to fucan B (optimum wavelength = 198 nm). Biotin-
hydrazide and non-biotinylated fucan B were used as controls.
Fig. 3. Effect of Fucan B on ECs proliferation. The rate of cell proliferationwas determined using
in the absence of fucan B (mean± SD of four determination).
2.10. Agarose gel electrophoresis

Agarose gel electrophoresis of fucan B and biotinylated fucan B was
performed using a 0.6% agarose gel (7.5 cm× 10 cm× 0.2 cm thick) pre-
pared in 0.05 M 1.3-diaminopropane acetate pH 9.0 as previously de-
scribed [15]. Polysaccharides (approximately 50 μg) were also separated
by electrophoresis. The gel was fixedwith 0.1% cetyltrimethylammonium
bromide (CETAVLON) solution for 2 h, dried, and stained for 15min with
0.1% toluidine blue in 1% acetic acid and 50% ethanol. The gel was
destained using the same solution without dye.

2.11. Blotting assay

Agarose gel electrophoresis of fucan B and biotinylated fucan B was
performed as described above. Fucanswere transferred to nitrocellulose
membrane by diffusion at room temperature for 16 h, and the mem-
brane was blocked with 5% nonfat milk, 0.1 M PBS, pH 7.4 for 2 h with
gentle shaking. The membrane was washed three times with PBS and
then incubated with streptavidin conjugated to alkaline phosphatase
(1:3000 in 1% BSA) for 1 h at room temperature. The membrane was
washed five timeswith PBS and immersed in the optimumbuffer for al-
kaline phosphatase (100 mM NaCl, 50 mM MgCl2, 100 mM Tris-HCl,
pH 9.5). The membrane was incubated with alkaline phosphatase sub-
strates (0.165 mg/mL 5-bromo-4-chloro-3-indolylphosphate and
0.330 mg/mL of nitroblue tetrazolium; Life Technologies, Rockville,
MD, USA) to detect biotinylated fucan B.

2.12. Confocal analysis

ECs were seeded on 12-mm-diameter glass coverslips in 24-well
cluster plates. After 3 days in culture, the medium was removed and
the cells were washed three time with 0.1 M PBS pH 7.4, and 100 μL of
fucan B (10 μg/mL in PBS) was added to wells. After 30 min, the cells
BrdU. The results are expressed as percentage of the control cell normalized one hundred %



Fig. 4.Distribution of endothelial cells markedwith PI (necrosis) and annexin V (apoptosis) after incubationwith Fuca B for 24 h. This figure is representative of three separate tests made
independently.
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washedwith PBS and fixedwith 2% formaldehyde for 30min. Texas red
conjugated streptavidin (5 μg/mL in PBS) (Thermo Scientific, Waltham,
Massachusetts, EUA) was used to probe for fucan binding. Cells were
also incubatedwith DAPI (1:2000) (Thermo Scientific) for 2 min. Extra-
cellular membrane was stained using 5 μg/mL Alexa-Fluor 488 Wheat
Germ Agglutinin (WGA) (Thermo Scientific). The glass coverslips
were mounted in a Fluoromount-G (Thermo Scientific) and images
Fig. 5.A –Motility on fibronectin of ECs exposed to fucan B. Cells on the other side of themembr
of three determinations B - ECs transwellmigration onfibronectin in the presence of 0.01mg/mL
fibronectin.
were captured using confocal laser scanning microscope TCS SP8
(Leica, Wetzlar, Germany).

2.13. Motility assay

The motility assay was conducted as described previously [16].
Briefly, the undersurface of the polycarbonate membranes of transwell
anewere stainedwith 1% toluidine blue and counted. Results are expressed asmean± SD
; 0.25mg/mL and0.5mg/mL of fucan B. Cells showpurple or dark blue color. *p b 0.05. FN -



Table 2
The chemical composition of fucan B and biotinylated fucan B.

Fucans Molecular
weight

Glucuronic acid
(μM)

Biotin
(μM)

Glucuronic
acid/biotin

Fucan B 21.5 kDa 0.54 nd –
Biot-fucan B 21.8 kDa 0.47 0.01 1/0.02

nd – not detected, Biot. Fucan B - biotinylated fucan B.
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motility chambers (8 μm pore size) (Costar Corp.) were coated with fi-
bronectin, collagen, or laminin (10 μg/mL in PBS) for 40 min and
blocked with 1% BSA (1 h, 37 °C). ECs (5 × 105) in 100 μL of F-12 me-
dium were added to the upper chambers in the presence or absence
(control) of different concentrations of fucan B. The chambers were
kept at culture conditions (humid atmosphere at 37 °C and 2.5% CO2)
for 5 h. The cells which migrated were fixed with 2% formaldehyde for
10 min and stained with 1% toluidine blue in borax for an additional
10min. The number ofmigrated cellswas determined using an inverted
microscope. Ten fields of cells were counted for each condition and av-
eraged. Inhibition of cell migrationwas calculated as a percentage using
the equation: I% = [1− (the number of migrated cells in the treatment
condition/the number ofmigrated cells in the control condition)] × 100.
2.14. Statistical analysis

All data from the experiments were expressed as mean± standard
deviation (n ≥ 3). Statistical significance (p b 0.05) was calculated by
analysis of variance (ANOVA) followed by Tukey's test.
Fig. 6. Electrophoreticmobility of unmodified and biotinylated fucan B. A, Agarose gel electroph
fucans on nitrocellulosemembrane visualizedwith alkaline phosphatase. Fuc B, fucan B; Biot-Fu
CS (chondroitin sulfate), DS (dermatan sulfate), and HS (heparan sulfate).
3. Results and discussion

3.1. Purification and characterization of fucan B

Fucan B was purified from the seaweed, S. schröederi, by proteo-
lytic digestion, acetone precipitation, and ion exchange chroma-
tography. Fucan B structural data are shown in Table 1. This
polysaccharide is composed of galactose, fucose, xylose, and trace
amounts of glucuronic acid. In addition, fucan B contains 19% sul-
fate and has a MW of 21.5 kDa.

Fig. 1 presents the FT-IR spectra of fucan B. The vibrational modes
observed at 3447 cm−1 were attributed to O\\H stretching in fucan. It
is important to emphasize that free O\\H stretching appears at higher
frequencies, because it requires higher energy to vibrate. The presence
of sp3 C\\H stretches was observed in 2931 cm−1. The band at approx-
imately 1646 cm−1 was caused by the carbonyl groups of monosaccha-
rides, which overlap with H2O deformation signals. The band at
approximately 1426 cm−1was caused by the overlap between symmet-
ric CH2 deformation of galactose and asymmetric deformation of CH3

from fucose. The presence of sulfate was confirmed by the bands at
1257, 1048, 848, and 583 cm−1, which correspond to the vibrations of
asymmetric S_O stretching, symmetric C\\O associated with a
C\\O\\SO3 group, C-O-S of sulfate groups at the axial C-4 position,
and symmetric O_S_O deformation of sulfates groups, respectively.

The data regarding fucan B presented herein (its chemistry, FT-IR
spectrum, and molecular weight) were in agreement with previously
reported results [10,11], thus confirming the identity of the obtained
compound as fucan B. Therefore, this compound was used in subse-
quent experiments.
oresis of fucans after precipitationwith cetavlon and stainingwith toluidine blue; B, Blot of
c B, biotinylated fucan B; GAGS, standardmixture of glycosaminoglycans containing 5 μg of
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3.2. Fucan B inhibits capillary-like tube formation of ECs on Matrigel

We evaluated the effect of fucan B using a capillary-like tube forma-
tion assay. ECs in reconstituted basement membrane were able to mi-
grate, form intercellular attachments, and form tube-like structures as
shown in Fig. 2A. Fucan B inhibited the formation of capillary-like tube
structures by ECs at all concentrations tested in a dose-dependentman-
ner. Approximately 50% inhibition and modified network formation
were observed at the lower concentration of 0.025mg/mL.Highest inhi-
bition, as well as complete abolishment of network formation, was ob-
served at 0.050mg/mL.

Ustyuzhanina and colleagues [8] demonstrated that LMW fucans
elicit angiogenic effects, while HMW fucans have anti-angiogenic ef-
fects. A 21.5 kDa fucan B is considered an LMW fucan. In contrast to pre-
viously reported results [8], fucan B inhibited the formation of tube-like
structures by EC. This difference can be explained when considering the
molecular weights of pro-angiogenic LMW fucans, which are approxi-
mately 8 kDa [17]. These data suggest that the molecular weight limit
for a fucan to exhibit pro-angiogenic activity is between 8 and 21 kDa.
Further studies should be conducted to determine themolecularweight
limit for a fucan to exhibit pro- or anti-angiogenic activity.

3.3. Fucan B did not inhibit EC proliferation

Many fucans have anti-proliferative activities against different cell
types [18,19]. Therefore, fucan B may inhibit the capillary-like tube for-
mation due to its antiproliferative activity. In order to confirm this
Fig. 7. Confocal analysis of endothelial cells (ECs) exposed to biotinylated fucan B. A, Biotinylate
with anti-goat IgG-FITC; C, Nuclei stained with DAPI; D, Double-labeling of ECs using biotinylate
fiber-like pattern).
hypothesis, we assessed the effect of fucan B on ECs proliferation
using the BrdU assay. We observed that all concentrations of fucan B
that were tested (0.01; 0.02; 0.05; 0.1; and 0.5 mg/mL) did not affect
BrdU incorporation by the ECs (Fig. 3) since the amount of BrdU in
these ECs was similar those found in ECs of control group (ECs not ex-
posed to fucan B). Thus, fucan B did not affect ECs proliferation.

In addition, the cells were incubated with fucan B and subsequently
analyzed by flow cytometry. Fig. 4 summarizes the data obtained; the
cells treated with fucan B (0.5 mg/mL) were not stained with PI or
annexinV, i.e., fucan Bwas not toxic against these cells at the tested con-
centration. On the other hand, the incubation of cells with cisplatin
(positive control) increased the number of cells stained with annexin,
without affecting the cell PI staining pattern of cells.

In recent years, fucans from brown seaweeds, such as Fucus
vesiculosus, Fucus serratus, Fucus distichus, Fucus evanescens, Fucus
spiralis, Cladosiphon novae-caledoniae, Ascophyllun nodosum, Laminaria
japonica, Laminaria saccharina, Laminaria digitate, and Undaria
pinnatifida, have been shown to function as a class of natural anti-
angiogenic biopolymers [8]. Among these, only the fucan from
U. pinnatifida is a galactofucan [9]. To our knowledge, no other
galactofucan has been evaluated as an anti-angiogenic or pro-
angiogenic agent. The results herein add another galactofucan (fucan
B) to the list of anti-angiogenic fucans. The structural characteristics
that confer anti-angiogenic effects across fucans is unclear. However,
we postulate that the presence of galactose is not an important factor,
since most anti-angiogenic fucans do not have galactose in their
composition.
d fucan B detectedwith streptavidin-conjugated to Texas red; B, Anti-fibronectin detected
d fucan B. Note that fucan co-localizes with fibronectin in the extracellular matrix (orange
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3.4. The effect of fucan B on EC migration on laminin, collagen I, and
fibronectin

Since fucan B did not affect ECs proliferation, we next evaluated its
effect on ECs migration, which is important process for angiogenesis.
Fig. 5 shows that when laminin or collagen I was the substrate, fucan
B did not affect cellmigration at any of the tested concentrations. In con-
trast, whenfibronectinwas the substrate, even the lowest tested fucan B
concentration (0.01 mg/mL) inhibited cell migration by about 50%. In
addition, the anti-migratory effect of fucanwas dose-dependent, similar
to that observed in the capillary-like tube formation assay.

3.5. The characterization of biotinylated fucan B

Data presented thus far suggest that fucan B inhibits capillary-like
tube formation by binding fibronectin. To confirm this hypothesis, we
generated a biotinylated fucan B to use as a probe. Table 2 indicates
some of the structural features of the biotinylated fucan B. The number
of biotins covalently bound to fucan B was small. Thus, the molecular
weight of the two polysaccharides were similar.

The electrophoretic behavior of the fucans in an agarose gel can be
observed in Fig. 6. Both fucans showed similar electrophoretic migra-
tion, indicating that the low degree of biotinylation did not affect the
structure of fucan B. In addition, the two samples stained similarly
with toluidine blue (Fig. 6a). The presence of biotin in fucan B was con-
firmed by blotting. Biotinylated fucan B was transferred from agarose
gel to nitrocellulose, and the bands were visualized using streptavidin
conjugated to alkaline phosphatase (Fig. 6b).

3.6. Fucan B binds to the extracellular matrix of ECs

Confocalmicroscopy revealed that ECs exposed to biotinylated fucan
B exhibited a fiber-like pattern of binding (Fig. 7b). ECs immunostained
for fibronectin (FN), a characteristic component of extracellular matri-
ces, also exhibited the same fiber-like pattern (Fig. 7b). ECs nuclei
were stainedwith DAPI (Fig. 7a).When the three images were overlaid,
Fig. 8. Fucan B binds to the extracellular matrix of endothelial cells. A, Nuclei stained with DAPI;
488Wheat GermAgglutinin (WGA); D, Double-labeling of ECs using biotinylated fucan B. Note
bound fucan B colocalized with the immunostaining for FN (orange)
(Fig. 7d).

In order to verify if fucan B was indeed binding only to the ECM, the
cell cultures were double labeled with biotinylated fucan B and Alexa-
Fluor 488 Wheat Germ Agglutinin (WGA). As shown in Fig. 8, as ex-
pected, the biotinylated fucan B bound to the extracellular matrix
(Fig. 8b) and the WGA to the cell surface (Fig. 8C). When the images
were overlaid (Fig. 8d), it was clear that the cell surface and the extra-
cellular matrix were differentially labeled.

Fucan B inhibited ECs migration only when the plate surface was
coated with fibronectin (Fig. 2). These data indicate that fucan B func-
tions as an anti-angiogenic agent by interacting with the extracellular
matrix, specifically FN, as confirmed by confocal analysis (Figs. 7 and
8). Fewpapers describe fucan binding to extracellularmatrixmolecules.
One article showed that a fucan from Laminaria brasiliensis bound FN, as
well as laminin and collagen IV [20]. In contrast, the galactofucan from
Dictyota menstrualis bound only FN [21]. In addition, Liu and colleagues
[22] demonstrated that the fucan/FN interaction occurs on at least four
different sites along the fibronectin polypeptide chain, two of which are
the heparin-binding sequences recognized by heparan sulfate (HS)
proteoglycans.

FN can be a ligand for a dozen cell surface receptors, including the
classic FN receptorα5β1 integrin and HS proteoglycans [16]. Therefore,
FNmediates awide selection of cellular interactionswith the extracellu-
lar matrix and plays important roles in ECs migration [23]. Extensive
analyses have narrowed down the regions involved in cell adhesion
along the lengthy FN molecule to several minimal cell receptor-
recognition sequences. The best known of these is the RGD tripeptide
(arginine-glycine-asparagine) [24].

FN molecules in extracellular matrix form FN fibers, and the biolog-
ical activity of FN should ultimately result from themolecular conforma-
tion of the molecules that constitute FN fibers. Therefore, ligands that
affect FN conformation have the ability to affect directly cell behavior,
including cell migration [25].

Based on our data, we suggest that fucan B binds several sites on FN
fibers, and this can affect their conformation. We also postulate that
B, Biotinylated fucan B detectedwith streptavidin-conjugated to Texas red; C, Alexa-Fluor
that fucan B is bound only to the extracellularmatrix and theWGA only to the cell surface.
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owing to its size, fucan B blocks the RGD site and heparin-binding se-
quences on fibronectin to hinder recognition by integrins and heparan
proteoglycans, respectively. These two events can block the ECs binding
to fibronectin, thereby inhibiting ECs migration. Future studies may
confirm these hypotheses.

4. Conclusion

We extracted a 21.5 kDa galactofucan, fucan B, from the brown sea-
weed, S. schröederi. In addition, we tested the effect of fucan B on ECs
capillary-like tube formation. Fucan B inhibited this ECs property in a
concentration-dependent manner without affecting ECs proliferation,
even at high concentrations. In addition, biotinylated fucan, visualized
in confocal microscopy experiments, did not bind to cell surfaces, but
rather only to extracellular matrix. Thus, fucan B inhibits ECs capillary-
like tube formation by binding fibronectin and inhibiting ECsmigration.
Our findings suggest that fucan B inhibits ECs capillary-like tube forma-
tion andmigration by binding directly to fibronectin and blocking fibro-
nectin sites recognized by cell surface ligands. However, further studies
are needed to evaluate the in vivo effects of fucan B.
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