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A fluorometric assay for quantification of fucoidan,
a sulfated polysaccharide from brown algae
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Abstract Brown algae contain a fucose-rich sulfated polysaccharide called fucoidan which is a constituent of the
extracellular matrix. In recent years, fucoidan has attracted much attention for its pharmaceutically important biological
activities. To develop a superior method for fucoidan quantification, we investigated several cationic dyes with potential
interaction with the negatively charged sulfate groups of fucoidan and found that a commercially available fluorescent
dye, SYBR Gold nucleic acid gel stain, showed a clear fluorescence enhancement upon mixing with authentic fucoidan.
A standard curve generated with the dye and authentic fucoidan showed a linear dynamic range of 0.05-2.5ngul™, and
the limits of detection and quantification of fucoidan were 0.025 and 0.075ngul™, respectively. Neither nucleic acids nor
alginates, anionic polymers present in brown algae, interfered with the quantification of fucoidan, which is simply extracted
with diluted HCI from sporophytes of the brown alga Saccharina japonica. The fluorometric microplate method in this study

is simple, sensitive, and widely applicable to fucoidan quantification.
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Fucoidan is a fucose-rich sulfated polysaccharide mainly
found in brown algae of the class Phaeophyceae (Berteau
and Mulloy 2003; Pomin and Mourdo 2008). It shows a
wide range of pharmaceutically important biological
activities including anticoagulant (Church et al. 1989;
Nishino et al. 1991), procoagulant (Liu et al. 2006;
Prasad et al. 2008), anticancer (Riou et al. 1996; Haneji
et al. 2005), and antiviral activities (Hoshino et al. 1998;
Igbal et al. 2000). Although many applied studies of the
biological activities of fucoidan have been reported,
knowledge of its synthesis mechanism and physiological
roles in brown algae is limited.

Several methodologies for fucoidan quantification
have been reported, and include competitive
enzyme-linked immunoassay (ELISA; Irhimeh et
al. 2005; Mizuno et al. 2009), sandwich ELISA assay
(Tokita et al. 2010), and methylene blue staining of
fucoidan immobilized on a filter (Lee et al. 2012). A
semiquantitative method using toluidine blue staining
of fucoidan separated by agarose or polyacrylamide
gel electrophoresis (Pereira et al. 1999) has also
been reported. A feature of ELISA methods is that
they can be used to quantify specific substructures
recognized by each of the antibodies; therefore, the
specificity of antibodies affects quantification (Tokita

et al. 2010; Torode et al. 2015). Another feature is that
the availability of the antibodies directly affects the
generality of the methods. Staining methods require
commercially available cationic dyes to quantify the
sulfate groups, which are important structures for
biological activity (Ale et al. 2011). Thus, the ELISA
methods and the staining methods are expected to
complement each other in quantification of fucoidan.
Because fucoidan quantification is an essential procedure
for both applied and basic research, development of
a quantification method superior to those reported
to date would contribute to fucoidan studies. In this
study, we developed a simple, sensitive, and widely
available fluorometric microplate method for fucoidan
quantification using a commercially available fluorescent
dye. The method may be applied to extracts simply
prepared from small brown algal samples.

Because fucoidan, similar to nucleic acids, is an
anionic polymer, several nucleic acid staining dyes were
tested for its quantification. An authentic sample of
fucoidan from kelp, Fucus vesiculosus (Sigma-Aldrich
Japan, Tokyo, Japan), was mixed with each dye, including
ethidium bromide (Wako Pure Chemical Industries,
Ltd., Osaka, Japan), SYBR Green I nucleic acid gel stain
(Thermo Fisher Scientific, Waltham, MA, USA), SYBR

Abbreviations: DNase, deoxyribonuclease; DW, dry weight; ELISA, enzyme-linked immunoassay; FW, fresh weight; LOD, limit of detection; LOQ,

limit of quantification; RNase, ribonuclease; RSD, relative standard deviation.
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Gold nucleic acid gel stain (Thermo Fisher Scientific), or
toluidine blue O (Waldeck GmbH, Miinster, Germany),
and the fluorescence spectra of the solutions were
measured. Among the dyes tested, only SYBR Gold stain
showed clearly enhanced fluorescence on mixing with
fucoidan solution, although the fluorescence spectrum of
the solution was slightly different from those of nucleic
acids (Figure 1A). The excitation peak was observed at
ca. 470 nm, shorter than that of DNA (ca. 495nm), and
the emission peak was at ca. 600 nm, longer than that of
DNA (ca. 537nm). SYBR Gold stain is an asymmetrical
cyanine dye that shows a large fluorescence enhancement
of approximately 1000-fold upon binding to nucleic
acids including double- or single-stranded DNA, and
RNA (Tuma et al. 1999). This suggested that fucoidan
mimicked single-stranded DNA or RNA in the solution
and interacted with the dye to enhance its fluorescence,
a phenomenon that could be used for fucoidan
quantification without destaining procedures. To the best
of our knowledge, there have been no reports regarding
the use of SYBR stains for detection of compounds other
than nucleic acids.

Further, we searched for optimal conditions yielding
a standard curve of fucoidan with a wide linearity range
and a low limit of detection (LOD) and quantification
(LOQ). Therefore, 50 ul of staining solution containing
SYBR Gold stain (with 2,500-, 1,250-, 625-, or 312.5-fold
dilution) and 80 mM of buffer [sodium acetate buffer
(pH 5.0), sodium phosphate buffer (pH 6.8), or Tris-HCI
buffer (pH 7.5 or 8.0)] was mixed with 150 ul of sample
solution containing authentic fucoidan (0.125-6ngul™")
in 4.88 mM NaCl, and fluorescence was measured to
generate a standard curve. A staining solution containing
625-fold diluted SYBR Gold stain and 80mM Tris-
HCI (pH 7.5) was found to be most appropriate, with
a standard curve with a linear dynamic range of 0.05-
2.5ngul™! (R*=1.00; Figure 1B). LOD (0.025ngul™)
and LOQ (0.075ngul™") were calculated to be 3.3 and 10
/S, respectively, where ¢ is the standard deviation of the
responses of 10 blanks and S is the slope of the standard
curve. Our method successfully generated a standard
curve at lower fucoidan concentrations than those by the
staining method and the competitive ELISA method. The
method that used methylene blue staining of fucoidan
blotted on a membrane measured in excess of 1pug/spot
(Lee et al. 2012), while Mizuno et al. (2009) reported a
standard curve at fucoidan concentrations above 5ngul™
using the competitive ELISA method. On the other hand,
the sandwich ELISA method described by Tokita et al.
(2010) showed higher sensitivity (LOD, 0.2 ng ml™") than
ours. The standard curve generated with our method
showed a 50-fold linear dynamic range, which was wider
than any reported to date; 20-fold (Lee et al. 2012), 10-
fold (Mizuno et al. 2009), 18-fold (Tokita et al. 2010).

Although we could show the potential value of the
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Figure 1. Fluorescence excitation and emission spectra of SYBR

Gold stain at 2,500-fold dilution with 2ngul™ fucoidan (solid line) or
0.3ngul™' DNA (dashed line) (A). Emission spectra were measured
on excitation at 470 nm, and excitation spectra on emission at 600 nm
using a fluorescence microplate reader (Varioskan Flash, Thermo
Scientific). Fucoidan standard curve generated using SYBR Gold stain
(B). 150 ul of fucoidan solution with concentrations ranging from 0 to
2.5ngul™ in 4.88mM NaCl was mixed with 50l of 625-fold diluted
SYBR Gold stain solution in 80 mM Tris-HCI (pH 7.5) in a microplate.
Inset shows the standard curve at low fucoidan concentrations. Error
bar represents standard deviation (n=3). Comparison of standard
curves for DNA, RNA, fucoidan, and sodium alginate prepared with
SYBR Gold stain (C). 150 ul of each authentic sample solution in
4.88mM NaCl was mixed with 50 ul of 625-fold diluted SYBR Gold
stain in 80 mM Tris-HCI (pH 7.5) in a microplate. The fluorescence
measurements in (B) and (C) were performed on excitation at 470 nm
and emission at 600 nm using the fluorescence microplate reader. Error
bar represents standard deviation (n=3).
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stain for fucoidan quantification, brown algae contain
compounds that may react with the dye, including DNA,
RNA, and alginate, another anionic polysaccharide
and the principal constituent of brown algal cells. To
investigate the response of these compounds to the
dye, we generated standard curves for fucoidan, DNA
(plasmid DNA), RNA (total RNA purified from rice
leaves), and sodium alginate (300-400 cp; Wako; Figure
1C).

Alginate showed a negligible level of fluorescence
enhancement (Figure 1C), approximately 790-fold lower
than that of fucoidan. Alginate contained in sporophyte
blades can constitute 10-40% of the dry weight (DW)
(Davis et al. 2003), generally greater than that of
fucoidan, which was 5-20% DW in brown algae of the
family Laminariaceae (Davis et al. 2003). However, the
negligible level of fluorescence enhancement by alginate
indicated that alginate would not interfere with fucoidan
quantification, even when a fucoidan-containing fraction
was contaminated with the same proportion of alginate
as found in brown algal cells.

In contrast, levels of fluorescence enhancement by
DNA and RNA were approximately six- and four-
fold greater, respectively, than that by fucoidan (Figure
1C). The maximum contents of DNA and RNA in the
sporophyte blade of the brown alga Saccharina japonica
(formerly Laminaria japonica), were 0.145% DW and
0.249% DW, respectively (Mizuta et al. 2003). Although
these were smaller than the fucoidan contents described
above, they prompted our investigation of the effect of
contamination by nucleic acids in fucoidan-containing
fractions on fucoidan quantification.

Before clarifying this point, we investigated
appropriate conditions for extracting fucoidan from
brown algae. The extraction procedures were as follows.
Approximately 10-mg fresh weight (FW) of a sporophyte
blade of S. japonica was frozen in liquid nitrogen and
ground in a TissueLyser LT (Qiagen, Hilden, Germany;
50 Hz, 2min) with two 7-mm stainless steel beads in a
2-ml tube. To minimize interference in fluorometry,
lipophilic compounds in the sample were removed by
rinsing with 1 ml of n-hexane, which had been confirmed
beforehand not to dissolve fucoidan. After centrifugation
of the tube, the n-hexane was removed and the pellet
was vacuum-dried. To extract fucoidan from the pellet,
we used diluted HCI, which had been used in studies
reported to date (Chandia and Matsuhiro 2008; Rioux
et al. 2007; Tako et al. 1999). We first determined an
optimal condition (HCl concentration, temperature,
duration of extraction) that maximized fucoidan yield
with minimum degradation. The pellet was suspended
in 1 ml of diluted HCI (0-50 mM) followed by mixing for
2-24h at 4°C or 18°C. Following mixing, the tube was
centrifuged and 800ul of supernatant was transferred
to a 1.5-ml tube and neutralized with 20 ul of NaOH
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(0-2000mM). This was the fucoidan-containing fraction
and the fucoidan concentrations were measured as
described above. The yield tended to be higher when
extracted with 5-25mM HCI at 18°C (Figure 2A). We
then investigated the degree of fucoidan degradation
by agarose gel electrophoresis. Because the extraction
in higher HCI concentrations resulted in fucoidan
degradation (Figure 2B), we considered extraction using
5mM HCI and mixing for 24 h at 18°C to be the optimal
condition.

Using the fucoidan-containing fraction prepared
from blades of S. japonica, we measured the recovery
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Figure 2. Yield of fucoidan in different extraction conditions
(A). HCI concentrations (0, 5, 10, 25, or 50 mM), temperatures
(4°C or 18°C), and durations (2, 4, 8, 16, or 24h) of extraction were
examined. Error bar represents standard deviation (n=3). Agarose gel
electrophoresis analysis of fucoidan extracted in different extraction
conditions (B). 5ul of each sample solution containing about 1.2 ug
of fucoidan, which was extracted with 5-50mM HCI at 18°C for
16h or 24h, was mixed with 2ul of loading dye containing 0.001%
bromophenol blue, 62.5mM Tris-HCI (pH6.8), and 40% glycerol, and
electrophoresis was performed with 1.2% agarose gel using the Mini-
PROTEAN Tetra system (Bio-Rad, Hercules, CA, USA) at 100V for
approximately 40 min in electrophoresis buffer (1X TAE buffer). The
gel was stained with 10000-fold diluted SYBR Gold stain in 20 mM Tris-
HCI (pH 7.5) for 30min and rinsed in 20 mM Tris-HCI (pH 7.5) for
30 min. The gel was scanned with a FLA 9000 (FUJIFILM Corporation,
Tokyo, Japan) using a 473 nm laser for excitation and LPR (665LP) filter
for detection.
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of fucoidan spiked into fucoidan-containing fractions.
Authentic fucoidan (37.5, 150, or 225ng) was added to
the fucoidan-containing fraction and fucoidan contents
in each sample were measured using the fluorometric
assay. The average recovery rates of spikes (each n=8)
were 109% (relative standard deviation (RSD), 14%),
100% (RSD, 3.7%), and 97% (RSD, 2.6%), respectively,
indicating that components in the fucoidan-containing
fraction had little, if any, inhibitory effect on fucoidan
quantification.

We then investigated the degree of interference
by nucleic acids that may contaminate the fucoidan-
containing fractions. Therefore, we measured and
compared the fluorescence intensities of fucoidan-
containing fractions with or without treatment by
deoxyribonuclease I (DNase; Nippongene, Tokyo,
Japan) and ribonuclease A (RNase; Nacalai Tesque,
Kyoto, Japan; Figure 3). When the fucoidan-containing
fractions were spiked with certain amounts of DNA
and RNA, their fluorescent intensities increased. When
the spiked solutions were treated with both DNase and
RNase, the fluorescence level decreased to the level of the
fucoidan-containing fraction with no spikes. There was
no significant difference between the fluorescence levels
of the fucoidan-containing fractions with or without
enzyme treatment (Student’s t test, p>0.05). These
results suggested that nucleic acid content in fucoidan-
containing fractions would be negligible and accordingly
would not interfere with fucoidan quantification.

In summary, we have described a simple, sensitive,
and widely applicable fluorometric microplate assay for
fucoidan that can be used for analysis of simple extracts
from small samples of brown algal tissue.
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Figure 3. Influence of nucleic acids on fucoidan quantification.

27.5 ul of fucoidan-containing fraction prepared as described above was
mixed with or without DNA (230ng) and RNA (500ng), and treated
with or without DNase (2 unit) and RNase (10ug) in 100yl buffered
(pH?7.9) solution. Error bar represents standard deviation (n=8). The
fluorescence was measured as described above.
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