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ABSTRACT 

Low molecular weight (LMW) fucoidan, obtained by 
free radical depolymerization of high molecular poly- 
saccharide extract of brown algae Hizikia fusiformis, 
was complexed with HPLC purified bee venom melittin. 
Water soluble form of the LMW fucoidan:melittin 
complex shows increased anti-inflammatory activity, 
inhibiting the production of nitric oxide in murine 
macrophage cell line Raw 264.7. The LMW fucoidan: 
melitin complex obtained in this study showed good 
biological activities, resulting in 2-fold reduction of 
the melittin toxicity. The fucoidan:melittin macro-
molecular complex obtained should be useful in fu-
ture therapeutic applications. 
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1. INTRODUCTION 

The clinical importance of many venomous compounds 
underlies the development of innovative approaches to 
minimize their cytotoxicity level during therapeutic ap-
plications in disease treatments [1]. In this context, a 
screening of efficient macromolecular complexes with 
therapeutic venoms, helping to reduce a generic toxicity, 
is one of the expanding research areas to exploit ven-
omous molecules of animal and plant origin [1].  

Fucoidan, a fucose-containing highly sulfated non-
toxic polysaccharide, is produced by many brown algae. 
Molecular mass of fucoidan is heterogenic (10 - 1000 
kDa) and difficult for making measurement standards in 
studying of its biological activity. The molecular mecha-
nism of fucoidan’s anti-tumor [2], LDL cholesterol low-
ering [3], blood anti-coagulating [4], anti-oxidant and 
anti-inflammatory [5], anti-viral [6] and contraceptive [7] 
activities have not yet been revealed in detail. It has been 

reported that fucoidan is absorbed in an undigested form 
and displays thereafter all beneficial activities. There is 
no evidence of fucoidan’s toxicity in the literature and 
purified fucoidan is nontoxic in cell and animal test sys-
tems [8]. 

A number of studies revealed that fucoidan preserves 
its biological activities after partial hydrolysis with sul-
furic acid [9] and free radical depolymerization [10]. 
These features of the fucoidan call interest to formulate 
biologically active complexes with a priori known thera-
peutic agents for efficient delivery and action.  

Melittin, a major bee venom constituent and a cationic 
polypeptide, is known as potential therapeutic agent with 
a wide range of activities including anti-inflammatory 
[11] and antimicrobial [12] effects. Here, we investi-
gated the biological activity of a fucoidan:melittin mac-
romolecular complex. We report the comparison of 
physicochemical and biological activity of low molecu-
lar weight (LMW) variant of fucoidan and its complexes 
with HPLC-purified melittin. 

2. MATERIALS AND METHODS 

2.1. Extraction of Fucoidan 

500 g of air dried powder of edible brown algae Hizikia 
fusiformis was defatted by 3 times washing with 500 ml 
of acetone. Residue was kept at 40˚C in vacuum oven, 
for adequate time to remove acetone and treated with 2.5 
L of warm water (35˚C - 40˚C) containing 2% CaCl2. 
Water extract was filtered through 4× layer of gauze 
tissue and residue was extracted one more time in the 
same conditions. Combined filtrates were centrifuged for 
15 min at 3500 rpm. (Combi-514R centrifuge, Hanil 
Science Industrial, Korea). The water soluble polysac-
charides were precipitated by adding 2.5 volumes of 
ethanol. Ethanol pellet was collected by centrifugation, 
dissolved in 500 ml of 0.1 M HCl and insoluble matter 
was removed by centrifugation for 15 min at 3500 rpm. 
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Acid-soluble fraction was neutralized up to pH 7.5 - 7.8 
with 1 M Tris-base and loaded into 2.5 × 15 cm 
Q-sepharose column (catalog No. Q1126, Sigma, USA), 
equilibrated in 50 mM Tris-HCl pH 7.8, 0.1 M NaCl. 
Column was washed with 500 ml equilibrating buffer, 
then 500 ml of 0.4 M NaCl; both fractions contained 
neutral and mild acidic polysaccharides that were dis-
carded. Fucoidan was eluted from column with 150 - 
200 ml of 1 M and then 3 M NaCl in water. Yield of high 
acidic fractions was controlled on 230 nm absorption or 
on refraction (Tunable absorption 486 and RI 410 detec-
tors, Waters, USA). High molecular weight, native fuc-
oidan (HMW) fractions were dialyzed against water and 
lyophilized. Experiments with “native” fucoidan were 
performed with 3 M NaCl eluate from Q-sepharose. 
Yield was 3 g or 0.6% for high acidic 3 M NaCl eluate 
from Q-sepharose.  

2.2. Partial Hydrolysis of Fucoidan with Sulfuric 
Acid  

2 g of HMW fucoidan was dissolved in 50 ml of water. 
A concentrate of sulfuric acid was added up to 2 M, and 
acidic fucoidan solution was partially hydrolyzed at 60˚C 
for 3 hours. Reaction mixture was neutralized with 10 M 
NaOH, dialyzed against water and lyophilized.  

2.3. Free Radical Depolymerization of Fucoidan  

0.5 g of native fucoidan was dissolved in 50 ml of water, 
and then, 300 mg of cupper sulfate pentahydrate was 
added. Mixture was kept at 60˚C and total of 10 ml of 
9% H2O2 solution was slowly added using dropping 
funnel during 2 hours; pH of reaction mixture was main-
tained between 7 - 8 by addition of 4 M NaOH. Reaction 
mixture was dialyzed for a short time against 50 mM 
Tris-HCl pH 7.8, 0.1 M NaCl and loaded into 1 × 10 cm 
QAE-Sephadex A50 column (catalog No. Q50120, Sigma, 
USA); a chromatography separation conditions were as 
suggested for native fucoidan isolation. The separated 
LMW fucoidan fraction separated was carefully dialyzed 
against water and lyophilized. 

2.4. Isolation of Melittin from Bee Venom  

1 g of bee venom (collected by electrical stimulation) 
was dissolved in 2 ml of 0.1% TFA and fractionated on 2 
× 25 cm YMC-Pack ODS-A column (YMC Co., Ltd, 
Japan) by means of Waters 600E preparative system, 
using 0.1% TFA and 80% acetonitrile as mobile phase. 
HPLC conditions were applied as described in reported 
protocol [13]. Melittin peak was collected and a major 
acetonitrile component was concentrated by vacuum 
evaporation until 80% of starting volume. HPLC fraction 
of melittin was further purified on cation exchange 
chromatography according to Ziyavitdinov et al. [13] 

with minor modifications. A concentrate of melittin frac-
tion (40 ml) was diluted with 80 ml 50 mM Na-acetate 
pH 4.0, containing 2% Triton X-100 and loaded into 
SP-Sephadex C50 column (1 × 10 cm), equilibrated in 
50 mM Na- acetate pH 4.0. Column was washed with 10 
ml equilibrating buffer containing 2% Triton X-100 and 
0.1 M NaCl, 20 ml of 0.1 M NaCl in equilibration buffer, 
and then melittin was eluted with 15 ml stepwise gradi-
ent of NaCl: 0.150 M, 0.300 M and 0.450 M in 50 mM 
Na- acetate pH 4.0. Melittin was eluted in 0.450 M NaCl 
fraction. Fraction was desalted on small C18-silica gel 
cartridge (1 × 2 cm) and lyophilized after initial evapo-
ration of acetonitrile.  

2.5. Gel-Filtration of Fucoidan  

Gel-filtration of fucoidan fractions was carried out on 
column 2.8 × 60 cm with Toyopearl HW-55F (ToyoSoda, 
Japan) using 50 mM Tris-HCl pH 7.5, 0.2 M NaCl at 
flow rate 1 ml/min. Elution profile was controlled by 
means of tunable 486 (at 230 nm) or RI 410 detectors 
(Waters, USA) and Servogor 120 dual-pen recorder (Lab 
Extreme Inc., USA) sensitivity 100 mV, paper speed 0.1 
cm/min. Fractions were collected on 15 ml volume. 
Column was calibrated using genomic DNA (>103 kDa), 
dextranes (molecular mass 100 and 6 kDa from Leu-
conostoc spp., Sigma, USA, detection with RI 410 de-
tector) and polyvinyl pyrrolidones (40 and 20 kDa mo-
lecular mass, Sigma, USA). 

2.6. Mass Spectrometric Analysis of LMW  
Fucoidan 

MALDI-TOF spectrum of the depolymerized free radi-
cal LMW fucoidan was analyzed on 4700 MALDI TOF/ 
TOF analyzer (Applied Biosystem, USA) by using 2,5- 
dihydroxybenzoic acid as matrix.  

2.7. Preparation of Melittin LMW Fucoidan 
Complexes  

Optimal proportions of melittin and LMW fucoidan for 
the formation of soluble macromolecular complex were 
assessed by turbidimetric method similar as described 
for fucoidan—snake venom myotoxic phospholipase 
interaction [1,14]. To 50 μl of LMW fucoidan solution (2 
μg/μl, dissolved in the buffer containing 20 mM Tris- 
HCl pH 7.0 and 0.14 M NaCl), 50 μl of 0 to 2 μg/μl me-
littin solution in the same buffer was added to give the 
different final ratio of fucoidan: melittin. Alternatively, 
100 μg of melittin solution in the buffer was complexed 
in the same manner as above with 0 - 100 μg of LMW 
fucoidan solutions. Macromolecular complex turbidity 
was determined at 340 nm by means of Versamax mi-
croplate reader (Molecular devices, USA) in 96 well 
plates.  
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2.8. Lysis of Erythrocytes by Melittin and  
Melittin:Fucoidan Complex  

Red blood from the heparinized blood of laboratory rats 
were precipitated by centrifuging for 10 min at 1500 rpm 
(Combi-514R centrifuge, Hanil Science Industrial, Ko-
rea). Additionally, cells were washed 3 times with TN- 
buffer (50 mM Tris-HCl pH 7, 0.14 M NaCl), and cells 
were suspended in same buffer at concentration 4% (v/v). 
The erythrocytes suspension was kept at +5˚C until 
utilization. Melittin or melittin:fucoidan complex sam-
ples, preliminarily diluted in a final volume of 300 μl, 
were allocated in test tubes and an erythrocyte lysis test 
was performed after adding 100 μl of the suspension of 
washed red blood (final concentration of 1%). The test 
was carried out for 30 min at 37˚C, then mixture was 
centrifuged for 5 min at 10,000 rpm. 200 ml of super-
natant was transferred to 96 well microplate. The lysis of 
red cells was determined on haemoglobin release, where 
zero hemolysis (blank) and 100% of hemolysis controls 
were determined by using centrifugate of erythrocytes 
suspended in TN-buffer and 1% Triton X-100, respec-
tively [15]. The optic density of lysate was registered at 
414 nm by means of Versamax microplate reader (Mo-
lecular devices, USA).  

2.9. Cell Culture  

Raw 264.7 cells, a mouse leukaemic monocyte macro-
phage cell line from ATCC (Manassas, USA), were cul-
tured in Dulbecco’s Eagle Medium supplemented with 
10% non- inactivated fetal bovine serum, 100U/ml peni-
cillin, and 100 μg/ml streptomycin at 37˚C in a humidi-
fied atmosphere of 95% air and 5% CO2. During the 
experiment, cells were monitored under microscopic 
observation to detect any morphological change. 

2.10. Measurement of Nitrite Production by 
Griess Reagent  

Raw 264.7 cells (2.5 × 104 cells/well) were plated and 
allowed to stabilize for 24 h. Following this period, 
treatment with low molecular fucoidan and melittin for 
12 h was performed by the addition of 0.5 μg/ml lipo- 
polysaccharide (LPS) for 24 h. The production of nitric 
oxide (NO) was measured by the accumulation of nitrite 
in the culture supernatants using a colorimetric reaction 
with the Griess reagent. Briefly, 170 μl of culture super-
natants was diluted with equal volumes of the Griess 
reagent [0.1% (w/v) N-(1-naphthyl)-ethylenediamine di- 
hydrochloride and 1% (w/v) sulphanilamide containing 
5% (w/v) H3PO4] and were kept during 15 min in the 
dark. The absorbance at 530 nm was measured with mi-
croplate reader. Culture medium was used as blank and a 
nitrite concentration was determined from a regression 
analysis using serial dilutions of sodium nitrite as the 

standard. 

3. RESULTS AND DISCUSSION 

Gel-filtration of native fucoidan and its low molecular 
forms, obtained by partial sulfuric acid hydrolysis and 
free radical depolymerization, provided an evidence of 
molecular heterogeneity of native fucoidan fraction and 
sulfuric acid hydrolysate, whereas a free radical de-
polymerized form consisted of symmetric peak with 
molecular mass of 20 ± 3 kDa (Figure 1). The tertiary 
conformation of fucoidan, high sulfated polysaccharide, 
was different with used molecular mass ladders, and gel- 
filtration data were used only for the characterization of 
heterogeneity. The correct molecular mass of free radical 
depolymerized low molecular fucoidan was determined 
by MALDI-TOF/TOF (Figure 2). It’s noteworthy to 
mention that the molecular masses of LMW fucoidan 
(3145) and melittin (2840) are comparable, which allows 
calculating a molar ratio from weight concentration. 

Melittin is a high cationic polypeptide and it forms 
macromolecular complex with sulfated polysaccharides, 
showing strong Coulomb interaction with high binding 
constant [16,17]. We studied a macromolecular complex 
formation process by determining the turbidity of melit-
tin:fucoidan mixture (Figure 3). The process of complex 
formation was studied in two variants: 1) by titration of 
constant quantity of melittin (100 µg) with serial dilu-
tions of LMW fucoidan (0 - 100 µg) and 2) by titration 
of constant quantity of LMW fucoidan (100 µg) with 
serial dilutions of melittin (0 - 100 µg). Both melittin 
and fucoidan consist of multiple charged residues and 
complex formation curve was different from the above- 
mentioned two experimental variants of titration. The 
turbidity curve of melittin:fucoidan mixture showed that  

 

Figure 1. A molecular heterogeneity of fucoidan and its low 
molecular forms on Toyopearl HW-55 column. “Nat”-native 
fucoidan, “SA”-low molecular form obtained by sulfuric acid 
hydrolysis, ”LMW”-low molecular form obtained by free 
radical depolymerization method. Elution volume of used mo-
lecular size markers are indicated as: DNA—genomic DNA 
(>103 kDa); Dx 100 and Dx 6—dextranes 100 and 6 kDa; PVP 
40 and PVP 20 - 40 and 20 kDa polyvinyl pyrrolidones.  
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Figure 2. MALDI-TOF/TOF spectrum of LMW fucoidan obtained by free radical depolymerization. 

 

 

Figure 4. Hemolytic activity of LMW fucoidan:melittin com-
plexes (melittin:fucoidan relation 1:10 “M1 + F10” and 10: 1 
“M10 + F1”) and free melittin (“M100”). Concentration of 
complexes indicated as melittin content. Hemolytic activity 
was calculated relative to lytic activity of Triton X-100 (0.05%).  Figure 3. Change of turbidity of LMW fucoidan:melittin com-

plex: 100 μl of 0.1% fucoidan solution mixed with equal vol-
ume of indicated amount melittin solution (line “100 F”) and 
100 μl of 0.1% melittin solution mixed with equal volume of 
indicated amount fucoidan solution (line “100 M”). 

tration of up to 20 mg/ml of melittin in complex form. 
Hemolytic activity of melittin-rich complex (melit-
tin:fucoidan ratio 10:1) showed that it decreased the lysis 
capacity for only 10% - 15% compared to free melittin. 
In the literature, cytotoxicity of melittin is discussed in 
connection with its membrane-acting (hydrophobic sites 
of peptide) and strong cationic properties (i.e., influence 
on membrane permeability because of high positive 
charge) [18]. LMW fucoidan obtained by free radical 
depolymerization method was preferable in our experi-
ments, because of its good solubility (>10%) and rela-
tively narrow molecular mass parameters. Molecular 
complex was stable in wide ranges of pH (4 - 8) and 
ionic strengths (0.05 - 1.0 M NaCl). Two types of com-
plexes show different solubility: a complex with high 
melittin content (10 melittin: 1 fucoidan) formed a pre-
cipitate during storage at concentration >10 mg/ml. 
Therefore, complex with low melittin content (1 melittin: 
10 fucoidan) was more convenient form for our biologi-  

the ratio approximately 1:10 was critical for solubility of 
the molecular complex (in both variants). At the ratio 
close to stoichiometric (1:1), the solubility of complex 
was minimal and the turbidity of mixture has increased. 
Based on the turbidity curve of melittin—fucoidan com-
plex, we have selected two type of water soluble com-
plex with different proportion of ingredients: 1) high 
melittin content (melittin:fucoidan = 10:1) and 2) high 
fucoidan content (melittin:fucoidan = 1:10).  

Further, a possible unwanted toxicity of melittin:fuc- 
oidan complexes have been studied on erythrocytes lysis 
test (Figure 4). Melittin could hemolyze erythrocytes at 
the concentration of 0.5 mg/ml. However, the melit-
tin:fucoidan complex with ratio of 1:10 decreased toxic- 
ity of melittin. This effect has been observed by concen-  
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cal tests. Furthermore, a macromolecular complex with 
low melittin content showed two times lower lysis activ-
ity than free melittin. Previously, property of several com- 
pounds (e.g. heparin/heparan and fucoidan) in reduction 
of the toxicity level of snake venoms has been investi-
gated [1,14,19,20]. In particular, fucoidan’s inhibition of 
cytotoxic and myotoxic effects of a group of phospholi-
pase A2 from crotaline snake venoms has been well 
documented in the literature [1,14]. Similarly, in our 
study, LMW fucoidan effectively reduced the cytotoxic 
effect of melittin within the macromolecular complex. 

On the next experiment, we have tested the influence 
of macromolecular complexes obtained on production of 
nitric oxide (NO). Results showed that LMW fucoidan 
and melittin inhibits LPS-induced NO production (Fig-
ure 5). The effect on NO production was analyzed by 
measuring accumulation of nitrite in the culture medium. 
Because melittin has been known for anti-tumor activity, 
we first examined the cytotoxicity of the fucoidan:melittin 
complex against Raw 264.7. Below the concentration of 
5 ppm, cytotoxicity was not observed. Therefore, the 
combination of melittin of 5 ppm and LMWF fucoidan 
was used to investigate the effect on inflammation. After 
cell activation with LPS for 24 h, the NO production has 
increased by 4.8 fold, while in macrophage pretreatment 
with LMW fucoidan and melittin, the LPS-induced NO 
production has significantly (p < 0.05 - 0.01) has de-
creased. The NO reduction activity of the LMW fucoidan 
(LMWF) and melittin (MLT) complex was 10% more 
effective than those of single ingredients. Although the 

increase and decrease of NO production may have vari-
ous influences [21], NO regulates many important proc-
esses (e.g. vascular tone, blood flow, insulin sensitivity 
and resistance) in the entire body and plays a key role in 
many pathologies like hypertension, atherosclerosis and 
angiogenesis-associated disorders [21,22]. NO also regu-
lates many neurological processes influencing behavior 
and cognitive function. Its over-production results in 
neurodegeneration [23]. In this context, NO reduction 
activity of the LMW fucoidan and melittin complex ob-
tained should be useful to overcome unwanted reactions 
caused by NO during its therapeutic applications.  

4. CONCLUSIONS 

Taken together, low molecular fucoidan obtained by free 
radical depolymerization, may be used for the develop-
ment of macromolecular complexes with bee venom 
melittin. The LMW fucoidan:melitin complex obtained 
in this study showed good biological activities such 
anti-inflammation, resulting in 2-fold reduction of the 
melittin toxicity and significant decrease of NO pro- 
duction. These results suggest the usefulness of fuc- 
oidan:melittin macromolecular complex in future thera- 
peutic applications and might be of great interest in op- 
timization of clinical tests. 
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Figure 5. Inhibition of lipopolysaccharide (LPS)-induced production of nitric oxide (a) by LMW fucoidan and melittin and cytotox-
icity of melittin on macrophage of Raw 264.7 (b). As indicated, macrophage cell line RAW 264.7 was treated with LPS, LMW fuc-
oidan and melittin. After 24 hours incubation, the amounts of NO in the media were measured as nitrite by Griess reagent. *P < 0.05; 
**P < 0.01. 
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