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Fucoidans are complex sulfated polysaccharides extracted from brown algae. Depending on the con-
centration, they have been shown to stimulate and inhibit blood coagulation in vitro. Promotion of
coagulation is mediated by blocking tissue factor pathway inhibitor (TFPI). We screened fucoidan extracts
from four brown algae species in vitro with respect to their potential to improve coagulation in bleed-
ing disorders. The fucoidans’ pro- and anticoagulant activities were assessed by global hemostatic
and standard clotting assays. Results showed that fucoidans improved coagulation parameters. Some

g?;:/lv gsrt(iss:is fucoidans also activated the contact pathway of coagulation, an undesired property reported for sulfated
Fucoidan glycosaminoglycans. Chemical evaluation of fucoidans’ complex and variable structure included molec-
Hemophilia ular weight (Mw), polydispersity (polyD), structural heterogeneity, and organic and inorganic impurities.
NMR Herewith, we describe a screening strategy that facilitates the identification of crude fucoidan extracts
Structure with desired biological and structural properties for improvement of compromised coagulation like in
Screening hemophilia.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Fucoidans are highly complex sulfated polysaccharides
extracted mainly from brown algae (Berteau & Mulloy, 2003;
Pomin & Mourao, 2008). Apart from mediating antiviral, antioxi-
dant and anticancer effects, fucoidans modulate blood coagulation.

Abbreviations: NASP, non-anticoagulant sulfated polysaccharide; TFPI, tissue
factor pathway inhibitor; TF, tissue factor; s.c., subcutaneous; p.o., per os (oral);
Mw, molecular weight; polyD, polydispersity; OSCS, over-sulfated chondroitin sul-
fate; Lj., Laminaria japonica; F.v., Fucus vesiculosus; U.p., Undaria pinnatifida; E.m.,
Ecklonia maxima; CAT, calibrated automated thrombography; aPTT, activated par-
tial thromboplastin time assay; CTI, corn trypsin inhibitor; SEC-MALLS, multi-angle
laser light scattering; QELS, quasi-elastic light scattering; dRI, differential refrac-
tive index; HPAEC-PAD, high-performance anion exchange chromatography with
pulsed amperometric detection; TFA, trifluoroacetic acid; NMR, nuclear magnetic
resonance; ICP, inductively coupled plasma; MS, mass spectrometry; AES, atomic
emission spectroscopy; dPT, dilute prothrombin time; fl, full-length; Mn, number
average molecular weight; NOE, nuclear Overhauser enhancement.
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In contrast to structurally related heparin, however, fucoidans
show anticoagulant activity only at high concentrations (Liu et al.,
2006). They were shown to be about 10-fold less active than
heparin (Cumashi et al., 2007; Liu et al., 2006; Nishino, Nishioka,
Ura, & Nagumo, 1994), having an anticoagulant effect above
100nM (Liu et al., 2006). Therefore, fucoidans are referred to as
non-anticoagulant sulfated polysaccharides (NASPs).

Interestingly, fucoidans also exert procoagulant activity by
modulating the activity of TFPI, the major physiological inhibitor of
the extrinsic coagulation pathway (Crawley & Lane, 2008). Proco-
agulant activity occurs at much lower concentrations and fucoidans
were thus conceived as a novel class of compounds to improve
coagulation (Liu et al., 2006; Prasad et al., 2008). Liu and colleagues
determined a procoagulant window of 5 nM to 100 nM, which is in
the range of 0.1-10 p.g/mL depending on the Mw. This procoagu-
lant window was recently confirmed in our laboratory (Zhang et al.,
2014).

Fucoidans’ procoagulant activity may be useful in treating
bleeding disorders such as hemophilia A and B, caused by deficient
clotting factors FVIII and FIX, respectively (Lillicrap, 2013). In vitro
assays have shown fucoidans to reverse the prolonged plasma clot-
ting time induced by TFPI at nanomolar concentrations and to
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accelerate clotting in human hemophilia plasma (Liu et al., 2006;
Prasad et al., 2008; Zhang et al., 2014). Procoagulant activity of one
fucoidan was demonstrated in bleeding models with hemophilia A
mice and dogs after i.v., subcutaneous (s.c.) and oral (p.o.) dosing
(Liu et al., 2006; Prasad et al., 2008).

Like most polysaccharides, fucoidans are structurally complex
and heterogeneous. Large and disperse Mw, complex monosaccha-
ride composition, various sulfation patterns, different linkages and
high degree of branching contribute to this complexity (Berteau
& Mulloy, 2003; Pomin & Mourao, 2008). Specific structural prop-
erties depend on algae species, harvest time, plant parts, location,
and extraction procedures (Skriptsova, Shevchenko, Zvyagintseva,
& Imbs, 2010) and influence fucoidans’ pro- and anticoagulant
activities (Ale, Mikkelsen, & Meyer, 2011; Morya, Kim, & Kim,
2012). Thus, systematic functional and structural assessment is
necessary to identify a fucoidan with the desired procoagulant
effect. While biological plasma-based test systems for evaluation
of fucoidans’ hemostatic effects have been established, their struc-
tural characterization poses a challenge. A desired fucoidan extract
has procoagulant activity without activating the contact pathway of
coagulation, is structurally homogenous, of low Mw to potentially
increase s.c. and p.o. bioavailability, and contains few impurities.
Contamination of heparin, one of the few marketed carbohydrate
drugs, by oversulfated chondroitin sulfate (OSCS) (Guerrini et al.,
2008; Kishimoto et al., 2008), initially went undetected as pharma-
copeial methods to monitor the quality of its activity or structure
were lacking (Capila & Linhardt, 2002; Linhardt, 1991). Thus, suit-
able and efficient strategies and methods to characterize fucoidan
extracts are critical.

The aim of this study was to functionally and chemically char-
acterize various fucoidan extracts available from a supplier to
evaluate the potential of this naturally sourced substance for
improvement of hemostasis. In follow-up studies the most suit-
able material would then be subjected to fractionation and detailed
structural characterization (Zhang et al., 2014).

Pre-selection from a set of commercially available fucoidan
extracts for their biological activities identified suitable fucoidans
from four algae species: Laminaria japonica (L.j.), Fucus vesiculo-
sus (F.v.), Undaria pinnatifida (U.p.) and Ecklonia maxima (E.m.).
We then analyzed in detail their structural properties, impurities
and effects on coagulation in vitro, thereby applying a system-
atic approach to identify the most active, highest quality fucoidan
extracts (Fig. 1), and developed fucoidan-specific analytical
assays.

2. Material and methods

Details are described in Supplemental information.

2.1. Fucoidans and other reagents

We tested fucoidans from four brown algae species: L.j. (Bax-
ter Innovations GmbH, Austria), F.v., Up., and E.m. (Marinova,
Australia). For F.v., three different lots were included, which were
produced from the same seaweed harvest in two independent runs.

L.j. fucoidan was produced by several rounds of ethanol extrac-
tion after addition of EDTA. The other fucoidans were extracted by
Marinova’s proprietary method using dried and milled seaweed.
Extraction was achieved by a cold-water process of targeted filtra-
tion without using solvents or excipients. All preparations mainly
contain sodium cations.

Porcine heparin, alginate (Sigma-Aldrich, Austria) and over-
sulfated chondroitin sulfate (OSCS, US Pharmacopeia, USA) were
included as controls where mentioned. All other chemicals and
reagents were analytical grade.

2.2. Calibrated automated thrombography (CAT) assay

Fucoidans’ pro- and anticoagulant activities were monitored
by CAT developed by Hemker et al. (2003). This assay is based
on the measurement of fluorescence generated by cleavage of a
fluorogenic substrate by thrombin over time upon initiation of
coagulation by tissue factor. Fucoidans were tested at concentra-
tions of 0.02-300 wg/mL in FVIII-inhibited human plasma (Knappe
etal.,2013).Their procoagulant effect was assessed by plotting peak
thrombin against the concentration within the inclining part of the
profile. The ECsy was derived using SigmaPlot 12 software from
the resulting sigmoidal curve. To evaluate fucoidans’ contact acti-
vation, CAT assays were performed in normal human plasma with
and without corn trypsin inhibitor (CTI)—a specific inhibitor of the
contact pathway initiator factor Xlla.

2.3. Activated partial thromboplastin time assay (aPTT)

The aPTT assay is a standard plasma clotting test in which
clotting is initiated by a mixture of contact activators and phospho-
lipids. It primarily assesses the intrinsic pathway of coagulation.
aPTT was performed in normal human plasma as previously
described (Liu et al., 2006). Assays were performed with an ACL
Elite Pro instrument (Instrumentation Laboratory, USA). Samples
were run in duplicate. aPTT (s) was plotted against fucoidan con-
centration (0-60 wg/mL); the concentration with a 50% increase in
clotting time over baseline was reported.

2.4. Agarose gel analysis

Fucoidans were analyzed by agarose gel electrophoresis (Vieira,
Mulloy, & Mourao, 1991; Volpi & Maccari, 2006). Samples
(10-20 p.g each) were loaded onto a 0.5% agarose gel in 0.04 M bar-
ium acetate buffer (pH 5.3) and run for 2h at 100 mA in 0.05M
1,3-diaminopropane-acetate (pH adjusted to 9.0 with acetic acid).

2.5. Average Mw and polyD determination using size-exclusion
chromatography and multi-angle laser light scattering
(SEC-MALLS)

Fucoidans’ Mw and polydispersities were measured by an Agi-
lent HPLC System coupled with Wyatt Technology DAWN HELEOQS,
QELS (quasi-elastic light scattering) and Optilab rEX differen-
tial refractive index (dRI) detectors. The change in refractive
index/concentration (dn/dc) value (0.113 mL/g) was determined
using a F.v. sample.

2.6. Monosaccharide analysis using high-performance anion
exchange chromatography with pulsed amperometric detection
(HPAEC-PAD)

Fucoidans (2mg/mL) were hydrolyzed to monosaccharides
using 2 M trifluoroacetic acid (TFA) at 100 °C for 4 h. The monosac-
charide compositions were analyzed by a Dionex ICS 3000 system
(Dionex, USA) equipped with PAD detector, Dionex guard col-
umn CarboPac® PA1 (2 x 50mm), and Dionex analytical column
CarboPac® PA1 (4 x 250 mm).

2.7. Fucose, alginate contents and heterogeneity test using 13C
nuclear magnetic resonance (NMR)

Quantitative 13C NMR spectra were obtained with a Bruker
Avance IIl 600 NMR spectrometer at a 'H'3C frequency of 150 MHz
with a dual 'H/*3C-cryoprobe.

Alginate content (% mol alginate/mol total polysaccharide) was
calculated based on the fact that alginate contains one carbonyl
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Fig. 1. Flow-chart for screening procoagulant fucoidans.

per saccharide residue, whereas sugar residues of monosaccharides
have one anomeric carbon. Therefore:

. carbonyls
(Co?lginate fiy x 100% (1)
| anomerics
where Jcarbonyls = integral of carbonyl region;

Janomerics = integral of anomeric region.

Fucose content (% mol fucose/mol fucoidan) was calculated
based on the fact that there is one methyl group per fucose residue,
excluding the alginate impurity from the total polysaccharide.
Therefore:

C%fucose _ f methyls

_ . « 100% )
J anomerics — [ carbonyls

where [methyls = integral of methyl groups.
Eq. (2) was simplified for fucoidan samples with negligible algi-
nate content (<10%):

methyls
Cyfucose _ fiy x 100% (3)
f anomerics

2.8. Elemental analysis

2.8.1. Inductively coupled plasma (ICP) analyses
The fucoidans’ elemental profile was obtained by ICP-mass spec-
trometry (MS) and ICP-atomic emission spectroscopy (AES).

2.8.2. C N, H, and S analysis
C, H, and N were measured by PE 2400 CHN analyzer; sulfur was
analyzed by colorimetric titration.

2.9. Fucoidan ranking

A ranking system for the most critical screening factors was
developed using scores from (1) to (3) or from (1) to (4), with a
higher number indicating more desirable properties. EC5g values
derived from the ascending part of the thrombin peak vs fucoidan
concentration curve (Fig. 2B) were used to rank procoagulant activ-
ity; ascore of (3) indicated a fucoidan with the lowest EC5q. Ranking
of anticoagulant activity was based on the concentration required
to increase clotting time of normal plasma by 50%. A high concen-
tration indicates a low anticoagulant effect, which is preferable.

To introduce a parameter reflecting the net effect of intertwined
pro- and anticoagulant activity, we calculated the ratio of antico-
agulant to procoagulant activity (Table 1). The higher the value, the
more the anticoagulant activity is outweighed by the procoagulant
effect, and is thus assigned a higher score. A large Mw, high polyD
and structural heterogeneity is considered less favorable and was
assigned a low score. While all kinds of impurities should be con-
sidered in judging the quality of fucoidan extracts, we only ranked
alginate impurity (Table 4), as all other impurities were negligible
or undetected.

3. Results

To identify fucoidan extracts with the desired biological and
structural properties, we tested and characterized commercially
available fucoidans from four different brown algae species. A flow
chart showing the systematic screening process is provided in Fig. 1.

3.1. Procoagulant activity of fucoidans

Fucoidans’ pro- and anticoagulant activities in human plasma
were assessed using CAT at a low tissue factor (TF) concentration
(Fig. 2). To simulate clotting conditions in hemophilia A, which is
characterized by low thrombin generation, we blocked FVIII activ-
ity in normal human plasma by adding anti-human-FVIII antibody
(Knappe et al., 2013). The thrombin generation profile yields sev-
eral parameters that describe plasma coagulation. Peak thrombin
was selected as primary parameter to depict the concentration-
dependent hemostatic effect (Fig. 2A). The resulting bell-shaped
concentration profiles are characteristic for fucoidans’ co-existing
pro-and anticoagulant mechanisms (Fig. 2B). All fucoidans cor-
rected impaired thrombin generation of FVIII-inhibited plasma to
or above normal levels around 1 pg/mL, while heparin completely
eliminated thrombin generation. In contrast, fucoidans’ proco-
agulant activity still outweighed anticoagulant effects occurring
at concentrations >10 pg/mL, and did not reach the baseline of
FVIII-inhibited plasma (Fig. 2B). Alginate, an impurity of fucoidan
extracts, had an effect on thrombin generation in CAT assays at
high concentrations. However, given fucoidans’ alginate contents
(<10-30%; see Table 3), this is not relevant at their optimal proco-
agulant concentrations. Thus, the fucoidans’ procoagulant window
spans a wide concentration range (~0.1-100 p.g/mL). ECs5q for pro-
coagulant activity ranged from 0.2 to 0.8 p.g/mL (Table 1).
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Fig. 2. Effect of fucoidans, heparin and alginate on thrombin generation in FVIII-inhibited human plasma measured by CAT assay. (A) Thrombin generation over time in normal
(dashed line), FVIII-inhibited plasma (dotted line) and FVIII-inhibited plasma with F.v. fucoidan 1 at 0.4 pg/mL (solid line). (B) Concentration-dependent effect of two fucoidans,
heparin and alginate on peak thrombin generation: F.v. fucoidan (triangles), E.m. fucoidan (circles), heparin (squares) and alginate (diamonds). The bell-shaped concentration
profiles are characteristic for the co-existing pro- and anticoagulant mechanisms of fucoidans. A wide procoagulant window was observed for fucoidans. Dotted and dashed
lines represent thrombin peaks for FVIII-inhibited plasma and normal plasma, respectively. The anticoagulant heparin completely eliminated thrombin generation. Results

are shown as averages + standard errors of duplicate measurements.

3.2. Inhibition of tissue factor pathway inhibitor

Fucoidans exhibited TFPI-neutralizing activity in initial mecha-
nistic studies by binding to C-terminal domains of TFPI (Liu et al.,
2006; Zhang et al., 2014). Therefore, the ability to reverse the
inhibitory effect of TFPI was also assessed in this study using dilute
prothrombin time (dPT) assays. The dPT assay is a modification of
the classical plasma clotting assay using reduced TF concentrations
as clotting trigger to gain higher sensitivity to TFPI. It primarily
detects effects on the extrinsic coagulation pathway which are
dependent on TF and tightly regulated by full-length TFPI (fI-TFPI).
In this study, normal plasma was supplemented with exogenous
fl-TFPI protein to achieve a prolonged clotting time of >150s. Titra-
tion of fucoidan extracts (0.03-1 pg/mL) reversed the effect of TFPI
and resulted in decreased clotting times. ECsg values for inhibition
of TFPI were derived from the sigmoidal dose-response curves.
The fucoidans from four species showed similar TFPI-inhibiting
activities with ECsgs of ~0.4 wg/mL and reversed the TFPI-induced
prolonged clotting time to values of normal plasma (~70s) (Sup-
plemental Fig. 1), confirming that fucoidan procoagulant activity is
mediated by TFPI-inhibition.

3.3. Anticoagulant activity

Fucoidans’ (0-60 p.g/mL) anticoagulant activity was evaluated
by aPTT assay, a routine plasma clotting test whereby clotting is
initiated by a mixture of contact activators and phospholipids. The
test detects changes in the intrinsic pathway of coagulation, but
not fucoidans’ inhibition of TFPI activity. Unlike CAT, aPTT monitors
anticoagulant activities separately from their procoagulant effects.
The anticoagulant effect was shown as a concentration-dependent
increase in clotting time. Fucoidan concentrations of 4.5-8.7 jug/mL

Table 1

increased clotting time of normal plasma by 50% (Table 1, Sup-
plemental Fig. 2). U.p. fucoidan’s anticoagulant activity was about
twice that of Lj., F.v. and E.m. fucoidans. All fucoidans displayed
increasing anticoagulant activities at concentrations 10-30-fold
higher than their ECsgs for procoagulant activity.

3.4. Impact on contact activation

Anionic polymers such as sulfated glycosaminoglycans and
polyphosphates activate coagulation via the intrinsic contact path-
way (Melo & Mourao, 2008; Muller et al., 2009; Pan et al., 2010).
Systemic activation of this pathway, however, is to be avoided due
to initiation of inflammation and anaphylactic reactions (Guerrini
et al., 2008; Kishimoto et al., 2008). To rule out fucoidans with
similar properties, extracts were tested up to 33 wg/mL in CAT
assays with normal human plasma. Adding CTI to plasma inhibits
FXIla and hence blocks the activation of the contact pathway
(Dargaud, Luddington, & Baglin, 2006; Mahoney et al., 1984; Ratnoff
& Moneme, 1981). Comparing thrombin generation profiles in the
absence and presence of CTI revealed the potential for contact acti-
vation as shown by a known contact activator OSCS (Supplemental
Fig. 3). All four fucoidans improved thrombin generation in normal
plasma, indicating a FVIII-independent mode of action. L.j. fucoidan
showed a marked increase in thrombin generation >5 pg/mL in
the absence of CTI compared with the control with CTI. This was
not an effect of the contaminant alginate, which did not activate
the contact pathway (Supplemental Fig. 3). E.m. fucoidan only had
a slight effect at concentrations >4 wg/mL; U.p. and F.v. fucoidan
did not stimulate contact activation at all up to 33 g/mL. This
concentration is ~30-fold higher than the optimal procoagulant
concentration of about 1 pg/mL (Fig. 2).

Pro- and anticoagulant effects of fucoidans: ECso values of procoagulant activity by CAT, and concentration with a 50% increase in clotting time by aPTT. The values are based

on duplicate measurements (CV <5%).

Lj. fucoidan U.p. fucoidan E.m. fucoidan F.v.
Fucoidan 1 Fucoidan 2 Fucoidan 3
CAT ECsp (pg/mL) 0.3 0.4 0.8 0.2 0.3 0.2
aPTT (g/mL) 7.0 4.5 8.7 6.5 6.3 6.2
Ratio aPTT: CAT ECsg 233 11.3 10.9 325 21.0 31.0

L.j.=Laminaria japonica, U.p. = Undaria pinnatifida, E.m. = Ecklonia maxima, F.v. = Fucus vesiculosus.
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3.5. Structural analysis by gel electrophoresis

We performed extensive analyses to evaluate and compare
fucoidans on a structural level. Fucoidans were displayed on
agarose gel (Supplemental Fig. 4), which is an inexpensive, simple
and effective method to analyze complex sulfated polysaccha-
rides (Volpi & Maccari, 2006). Purity, molecular size-to-charge ratio
and affinity to barium affect migration of a sample in the gel. All
fucoidans were distinguishable by their migration pattern, and
excellent lot-to-lot consistency of F.v. fucoidan was confirmed.

3.6. Molecular weight and polydispersity

Fucoidans’ Mw and polyD were determined by SEC-MALLS
(Table 2). The dn/dc value of F.v. fucoidan (0.113 mL/g) was used
to calculate the average Mw of all fucoidan samples. F.v. and L.j.
fucoidans had an average Mw of 130-170kDa, U.p. fucoidan a
Mw >500kDa, and E.m. fucoidan a Mw > 1000 kDa. PolyD was repre-
sented as the weight average molecular weight (Mw) divided by the
number average molecular weight (Mn), or Mw/Mn. PolyD, which
reflects size heterogeneity, was similar for all four fucoidans.

3.7. Monosaccharide analysis using HPAEC-PAD

Before HPAEC-PAD analysis, the fucoidans were hydrolyzed
to monosaccharides (Zhang, Khan, Nunez, Chess, & Szabo, 2012),
verified by thin layer chromatography (data not shown) (Zhang,
Xie, Zhang, & Linhardt, 2007). Representative chromatograms of
monosaccharide standards and one fucoidan sample are shown
in Supplemental Fig. 5. Monosaccharide composition is listed in
Table 2. Fucose, galactose and xylose were the main components
in Lj. fucoidan, fucose and galactose in U.p. and E.m. fucoidan, and
fucose in F.v. fucoidan.

3.8. Fucose, alginate and heterogeneity determinations using 13C
NMR

NMR is an effective technique to characterize complex carbo-
hydrates (Chen et al., 2013), and enabled elucidation of the major
disaccharide repeat unit in F.v. fucoidan (Chevolot, Mulloy, Ratiskol,
Foucault, & Colliec-Jouault, 2001). Due to fucoidans’ complex struc-
ture, quantitative 13C NMR was employed to study fucose and
alginate content as well as overall heterogeneity.

Evaluation of relative integrals using various recycle delays
showed that relative peak intensities were unchanged after 5s.
This time was also sufficient to remove the nuclear Overhauser
enhancement (NOE) that was largest for the methyl carbons. The
error in 13C NMR measurements was estimated to be +10%. Spec-
tra were labelled and integrated over chemical shift (§) ranges
shown in Fig. 3. Carbonyl groups from alginate were observed at
6 170-185 ppm, anomeric peaks at § 88-112 ppm. Other carbons
on the sugar ring were observed at § 55-88 ppm, the methyl group
of fucose at § 9-20 ppm.

Table 2

Alginate and fucose contents are listed in Table 3. Lj. and E.m.
fucoidans contained relatively high amounts of alginate, U.p. and
F.v. fucoidans small amounts. Alginate content was also determined
by carbazole assay (Supplemental Table 1) and showed a similar
trend. NMR results were used for further evaluation as the carbazole
assay can be affected by a high content of neutral sugars (Bitter &
Muir, 1962). F.v. fucoidan was primarily composed of fucose. L.j.
and U.p. fucoidan contained 55-59% fucose, and E.m. fucoidan 39%.
Fucose contents measured by HPAEC-PAD and NMR were consis-
tent, for the four fucoidans, with slightly higher results for NMR
analysis (Tables 2 and 3).

3.9. Elemental analysis

Thirty elements were analyzed using ICP (Table 3, Supplemental
Table 2). Sulfur contents varied from 5.8 wt% for Lj. to 10 wt% for
U.p. fucoidan. Sodium, corresponding to the primary counter ion
was 6.3 to 7.5 wt%. Only trace amounts of arsenic (As), a toxin of
interest for algae sourced fucoidans, were detected, ranging from
0.9 pg/g in E.m. to <0.1 pg/g in the other fucoidans.

Sulfur contents determined by colorimetric titration and ICP
were consistent (Supplemental Tables 2 and 3). Carbon and hydro-
gen contents were similar for all fucoidans. Nitrogen content was
0.6 wt% in E.m., and <0.1% in all other fucoidans (Supplemental
Table 3), implying that E.m. fucoidan contains more protein.

3.10. Fucoidan ranking

Arelative ranking of fucoidan properties is presented in Table 4.
All screened fucoidans showed a procoagulant window spanning
concentration ranges of four orders of magnitude. However, L.j.
and F.v. fucoidan had slightly higher procoagulant activity than the
other extracts. TFPI-dPT assay showed all fucoidans to inhibit TFPI
with comparable efficacy (Supplemental Fig. 1) and was therefore
not included in the ranking. The ratio of intertwined pro- and anti-
coagulant activity was most favorable for F.v. fucoidan, indicating
that the anticoagulant activity is outweighed by the procoagulant
effect. Lj. fucoidan also had high procoagulant and low antico-
agulant activity; while U.p. fucoidan had a higher anticoagulant
activity. Activation of the contact pathway was mediated by L.j.
and E.m. fucoidans at >5 pg/mL (Supplemental Fig. 3). U.p. and F.v.
fucoidans did not activate the contact pathway within the tested
concentration range, which is favorable.

Comparison of structural properties is also critical to select
a high quality fucoidan for further study. Generally, larger Mw
fucoidans are expected to have lower solubility and reduced
bioavailability (Tokita, Nakajima, Mochida, [ha, & Nagamine, 2010).
Along these lines, high polyD and structural heterogeneity chal-
lenge analytical assay development and complicate bioavailability
and pharmacokinetics studies, which is not desired.

Impurities in the fucoidan extracts will affect their activi-
ties, increase potential toxicity, and impact quality control during
processing. Therefore, we analyzed organic impurities as well as

Structural properties of fucoidans: molecular weights (Mw) and polydispersities (PolyD, Mw/Mn) determined by SEC-MALLS and monosaccharide composition (% relative

area) determined by HPAEC-PAD.

Lj. fucoidan U.p. fucoidan E.m. fucoidan F.v.
Fucoidan 1 Fucoidan 2 Fucoidan 3
Average Mw (kDa) 170 620 1360 160 150 130
PolyD 1.8 1.6 1.5 1.6 1.7 1.7
Fucose 39 58 38 73 75 76
Galactose 35 37 41 15 15 14
Glucose 1 3 8 1 0 0
Xylose 21 1 5 9 8 8
Mannose 4 1 8 2 2 2
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Fig. 3. Quantitative '>C NMR spectra of fucoidans to determine fucose, alginate content and heterogeneity. Recycle delays of 5s and an acquisition time of 0.1 s were used for full
relaxation of the carbonyl groups and to prevent NOE of all signals in the '*C NMR spectra. Spectra (A)-(C) show fucoidan samples from three algae species, (D)-(F) three

lots of a fourth fucoidan species.

inorganic elements. Our results showed inorganic impurities (Sup-
plemental Table 2) to be at low levels. As a major contaminant of
fucoidan extracts, alginate was included in the ranking.

Relative ranking of these factors for the six tested fucoidans
(Table 4) helps to select a fucoidan with one or more desired prop-
erties. Regarding improvement of coagulation, F.v. fucoidan was
identified as the most suitable for further exploration and opti-
mization.

4. Discussion

Exploratory research begins with selecting several compounds
for a subset with the desired biological activities. Fucoidans from
different sources have been screened before for biological effects
such as anti-inflammatory, anticoagulant, antiangiogenic and anti-
adhesive activities (Cumashi et al.,, 2007; Jin, Zhang, Wang, &
Zhang, 2013; Ustyuzhanina et al., 2013). These reports showed
that fucoidan activity largely varies with brown algae species and
structural characteristics including Mw or sulfate content.

We analyzed fucoidans from four brown algae species in detail
for structural properties, impurities and effects on coagulation.
Finally, fucoidans with optimal activities to potentially promote
coagulation in conditions with compromised hemostasis such as
hemophilia were identified.

In vitro data demonstrated that fucoidans exert their procoagu-
lant activity by inhibiting TFPI (Liu et al., 2006; Zhang et al., 2014)
and by accelerating thrombin-dependent FVa formation (Mutch,
Johnson, & Morrissey, 2007). The fucoidans presented here sim-
ilarly reversed the anticoagulant action of flI-TFPI in a TFPI-dPT
assay with low half-maximum effective concentrations (ECsg). We
therefore conclude that fucoidans primarily stimulate the extrin-
sic coagulation pathway by inhibiting TFPI. Nevertheless, we also
showed that L.j. and E.m. fucoidan triggered contact activation at
concentrations >5 pg/mL, which is in the range of their proco-
agulant optimum. Contact activation by fucoidans has not been
extensively studied. However it is a reason for concern as con-
tact system activation and subsequent generation of bradykinins
by OSCS, a contaminant of heparin products, caused adverse

Table 3
Fucoidan impurities: alginate and fucose content based on '>C NMR analysis and elemental analysis of As, Ca, Mg, Na, S, and theoretical S (wt%).
L,j. fucoidan U.p. fucoidan E.m. fucoidan F.v.
Fucoidan 1 Fucoidan 2 Fucoidan 3

Alginate content (%)* 28 <10 25 <10 <10 <10
Fucose content (%) 550 59¢ 39b 83¢ 86°¢ 83¢
As (Wt%) <0.1 <0.1 0.9 0.1 <0.1 <0.1
Cawt% 1.8 0.1 0.9 0.2 0.1 0.1
Mg (wt%) 0.1 0.2 0.4 0.2 <0.1 <0.1
Na (wt%) 7.5 7.0 6.9 6.3 6.9 7.2
S (wt%) 5.8 10 6.0 8.7 9.1 9.9
Adjusted S wt% of fucoidan? 8.5 10.2 8.4 9.5 9.8 10.5

2 Calculated using Eq. (
b Calculated using Eq. (
¢ Calculated using Eq. (
4 The theoretical S wt%

1.
2).
3).

was calculated from S wt%, alginate content and the monosaccharide composition in Table 2.
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Table 4

Relative ranking of critical functional and structural factors for the selection of procoagulant fucoidans species.
Species/lots Lj. fucoidan U.p. fucoidan E.m. fucoidan F.v.

Fucoidan 1 Fucoidan 2 Fucoidan 3

Procoagulant activity? 3) (2) (1) 3) 3) (3)
Anticoagulant® (2) (1) 3) (2) (2) (2)
Ratio® (2) (1) (1) (3) (2) (3)
Activation of contact pathway* @) (2) (1) (2) (2) (2)
Mw* (3) (2) (1) (3) (3) (3)
Monosaccharide composition’ (1) (3) 2) (4) (4) (4)
Heterogeneity tested by NMR# (1) 3) (2) (4) (4) (4)
Alginate impurity" (1) (2) (1) (2) (2) (2)

2 Procoagulant activities were ranked from (1) to (3), where (1) indicates the highest ECsy concentration.

b Anticoagulant activities were ranked from (1) to (3), where (1) indicates the lowest concentration to increase clotting time of normal plasma by 50%.
¢ The ratio of anti- to procoagulant activities was ranked from (1) to (3), where (1) indicates the lowest ratio.

4 Activation of contact pathway was ranked from (1) to (2), where (1) indicates the lowest concentration required to activate the pathway.

¢ Mw order ranked from (1) to (3), where (1) indicates the highest Mw.

f The complexity of the monosaccharide compositions was ranked from (1) to (4), where (1) is the most complex.
€ Degree of complexity of anomerics and the other carbon region in 3C NMR spectra. The heterogeneity order was ranked from (1) to (4), where (1) is the highest

heterogeneity.
" Alginate content was ranked from (1) to (2), where (1) is >10% and (2) < 10%.

events in patients (Guerrini et al., 2008; Kishimoto et al., 2008).
It remains to be determined which structural features provoke
contact activation by fucoidans. In follow-up studies we frac-
tionated and over-/desulfated F.v. fucoidan showing that a high
degree of sulfation and/or a large Mw play a role for FXIla acti-
vation (Zhang et al., 2014). However, L.j. fucoidan substantially
triggered the contact pathway although it has an intermediate
Mw and lower sulfate content than the other fucoidans. The major
contaminant alginate does not trigger contact activation (Supple-
mental Fig. 3F). Thus, additional features such as monosaccharide
composition, linkages or further extract impurities may be of
importance.

The fucoidan’s net effect of procoagulant (TFPI inhibition) and
anticoagulant activities was determined by a global hemostatic
thrombin generation assay. In contrast to the TFPI-dPT assay, the
tested fucoidans displayed differences in the CAT assay with ECsq
values ranging from 0.2 to 0.8 wg/mL. This may be explained by
differences in their anticoagulant activity. Fucoidans’ anticoag-
ulant activity is the most widely studied biological effect, with
potentiation of thrombin inhibitors antithrombin IIl and/or hep-
arin cofactor Il described as relevant mechanisms (Pereira, Mulloy,
& Mourao, 1999). Especially the degree of sulfation has been related
to this bioactivity (Chen et al., 2013; Haroun-Bouhedja, Ellouali,
Sinquin, & Boisson-Vidal, 2000; Pereira, Melo, & Mourao, 2002;
Ustyuzhanina et al., 2013). The sulfur content of tested fucoidans
varied from 5.8 wt% for L.j. to 10 wt% for U.p. fucoidan (correspond-
ing to ~19-32 wt% SO3Na) and were similar to previously published
data (Cumashi et al., 2007). The high sulfate content and large Mw
of U.p. fucoidan may explain its higher anticoagulant activity. F.v.
fucoidan was less anticoagulant despite a sulfur content of about
10wt%. This may be due to the smaller Mw and/or other factors
such as sugar composition.

In addition, contaminants in fucoidan extracts can alter sulfur
content. The low sulfur contents of L.j and E.m were partially caused
by their high alginate contents, and may not be an indication of
the low sulfur contents of fucoidan themselves. For example, the
sulfur content of L.j. fucoidan was adjusted from 5.8 to 8.5 wt% after
excluding alginate (Table 3). In conclusion, sulfur content was not
a critical selection factor, but could be considered as a reference in
the future.

Other structural properties are also crucial for the selection of a
high quality fucoidan extract. Capillary electrophoresis has previ-
ously been performed to test heparin-related impurities, dermatan
sulfate and contaminant OSCS (Somsen, Tak, Torano, Jongen, &
de Jong, 2009; Volpi, Maccari, & Linhardt, 2009; Wielgos, Havel,

Ivanova, & Weinberger, 2009). In our studies, we used agarose gel
electrophoresis to visualize the high Mw, complex fucoidan mix-
tures. Mw and polyD were assessed by SEC-MALLS, monosaccharide
composition by HPAEC-PAD, and structural fingerprinting and algi-
nate content by 13C NMR. Anomeric and other regions of the 13C
NMR spectra reflected the complexity of, not only fucoidans’ sugar
compositions, but also their sulfation patterns and linkages. Thus,
NMR is a measure of chemical/structural heterogeneity. Mean-
while, polyD is a measure of heterogeneity with respect to size
and shape of the components in the mixture and is thus a mea-
sure of physical heterogeneity. Both measures of heterogeneity are
complementary to one another and are important to characterize
the overall heterogeneity of polysaccharides. In general, molecules
with high polyD and structural heterogeneity challenge analytical
assay development and reduce bioavailability upon subcutaneous
or oral administration. The polyD values did not vary over a large
range and was, therefore, not identified as a critical selection factor
in this particular case. Overall, F.v. fucoidan was the least hetero-
geneous with a high fucose and sulfur content and the lowest Mw.
Nevertheless, the tested fucoidan extracts were still heterogeneous
as seen by agarose gel band patterns. This may necessitate fur-
ther optimization of fucoidan production for potential therapeutic
application.

In addition to molecular characteristics, fucoidan isolation from
brown algae may involve co-extraction of other polysaccharides
such as alginate and laminaran. Alginate is composed of man-
nuronic and guluronic acid with 1-4 linkage (Haug, Larsen, &
Smidsrod, 1966; Haug, Larsen, Smidsrod, & Painter, 1967). Thus,
carbonyl groups from alginate in the 13C NMR spectra were inte-
grated to calculate alginate contents which ranged from <10% to
30% for tested extracts. A wide range of alginate contamination
(1-30%) has been reported for fucoidans from different species
(Cumashi etal., 2007), while the hexuronic acid content of fucoidan
itself is low (Zhang et al., 2012). Thus, alginate determination is
important to avoid fucoidan extracts that contain high amounts of
such components. Laminaran is composed of glucose with 1-3 and
1-6 linkages (Maeda & Nishizawa, 1968; Nelson & Lewis, 1974).
Since the glucose contents of the tested fucoidans were negligi-
ble (Table 2), laminaran impurity was not considered a selection
criterion.

Other organic impurities, such as acetic acid or glycerol, may
be introduced during manufacturing. However, they were not
detected in the examined fucoidans by one-dimensional 'H and
two-dimensional 'H-'H and 'H-13C NMR, which identify impuri-
ties with high specificity (Holzgrabe, Wawer, & Diehl, 1999).
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In addition, inorganic metal ions such as As, Cd or Pb are well
absorbed by seaweeds and can bind to negatively charged sulfated
polysaccharides. Many algae species and algae products have been
analyzed for accumulation of toxic cations showing that some of
them exceeded tolerable intake limits (Almela, Clemente, Velez,
& Montoro, 2006; Besada, Andrade, Schultze, & Gonzailez, 2009;
Sanchez-Rodriguez, Huerta-Diaz, Choumiline, Holguin-Quinones,
&Zertuche-Gonzalez, 2001). Therefore, heavy metal content should
be examined for natural marine compounds. Only negligible lev-
els of toxic ions were detected in the tested fucoidans with E.m.
fucoidan having slightly higher levels.

5. Conclusion

In summary, the focus of this study was to screen for fucoidan
with high in vitro procoagulant activity. Since activity profile and
structural properties of fucoidans are complex, numerous factors
were considered when evaluating the overall suitability: pro-
coagulant activity, anticoagulant activity, Mw, polyD, structural
heterogeneity, and impurities. F.v. fucoidan was the most adequate
for further exploration regarding improvement of coagulation.
Beyond that, the presented screening scheme can be applied to
other coagulation-relevant and additional activities of fucoidans.
The established substance-specific analytical tools will support the
identification of preferred properties of this structurally complex
class of botanical molecules in the future.
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