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Abstract:

In this work we firstly tested the influence of low molecular weight fucoidan extracted from pheophicae
cell wall on bidimensional cultured normal human osteoblasts behaviours. Secondly impregnation
procedure with LMW fucoidan of bone biomaterial (Lubboc®) we explored in this bone extracellular
matrix context its capabilities to support human osteoblastic behaviour in 3D culture. In bidimensionnal
cultures we evidenced that: LMW fucoidan promotes human osteoblast proliferation, collagen type |
expression and favours precocious alkaline phosphatase activity. Furthermore with LMW fucoidan von
Kossa’s staining was positive at 30 days and only positive at 45 days in absence of LMW fucoidan. In
our three dimensional culture models with the biomaterial pretreated with LMW fucoidan osteoblasts
promptly overgrew the pretreated biomaterial. We evidenced too osteoblasts increased proliferation
with pretreated biomaterial when compared with untreated biomaterial. On control as well as with
LMW fucoidan impregnated biomaterial osteoblasts secreted osteocalcin and expressed BMP2
receptor. In conclusion, in our experimental conditions LMW fucoidan stimulated expression of
osteoblastic markers differentiation such as alkaline phosphatase activity, collagen type | expression
and mineral deposition, furthermore cell proliferation was favoured. These findings suggest that
fucoidan could be clinically useful for bone regeneration and bone substitute design.
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Introduction

Bone substitute materials are largely used in orthopaedic and periodontal surgery for
bone reconstruction, filling up defects, or implant integration etc... Finding a perfect bone
substitute material for clinical use was the aim of researchers for many decades. Among bone
substitutes autograft is considered the best because immune response is abolished and
competent bone cells are still present in the grafted material [1]. Unfortunately this autologous
materia is limited in volume and surgical procedures increase operating time and donor site
morbidity risk [2]. For these reasons clinicians have turned towards alternative materials such
as allografts, synthetic materials or xenogenic bone substitutes.

Allografts are used commonly and exhibit very good osteo-integration, but samples
submitted to minimal treatment (freezing, antibiotics) before grafting must be strictly
controlled for bacterial or virological infections this leading to high financial costs [3].
Synthetic materials were also proposed but are not used in loading site owing to their poor
mechanical properties.

Acellular xenogenic resorbable substitutes of bovine origin appear to be an interesting
alternative owing to their mechanical properties and porosity close to human bone and to a
non pyrogenic and non antigenic material generating process [4]. For example Lubboc®
(Transphyto SA, Ost-Developpement Clermont-Ferrand, France) is a resorbable highly
purified cancel ous bone substitute from a bovine source used in orthopaedic and periodontol
surgery procedures. Chemical and physical purification processes allow preservation of the
bone mineralized fibrillar collagenous scaffold only.

These materials are considered osteoconductive and serve as scaffold for new bone
ingrowth. Bio-integration of the xenogenic material depends on the capacity of the bone cells

from the host to migrate into the biomaterial, to proliferate and to ensure the remodelling of
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the bone matrix. Unfortunately the purification process which preserves mineral fibrillar
collagenous scaffold, eliminates al other bone matrix proteins and thus the capacity of
biomaterial to retain growth factors such as BMPs or FGFs (crinopexy) [5]. This could
explain better osteo-integration capability of bone allograft compared with highly purified
xenogenous bone material. As aresult, it would be interesting to restore the capabilities of this
collagenous purified scaffold to trap growth factors.

Use of fucoidans, sulphated polysaccharides from pheophicae cell wall, could be an
attractive alternative. After extraction and acidic hydrolysis or free radical depolymerization
[6], low molecular weight fractions of fucoidans (LMW fucoidan, <30kDa) were shown to
exhibit numerous heparan sul phate properties without strong anticoagulant activities as shown
for heparin [7].

For example LMW Fucoidans are potent inhibitors of connective tissue breakdown
[8], promote fibrillar collagen matrix formation by cultured fibroblasts [9], support
fibroblastic proliferation [9], and stimulate in vitro and in vivo angiogenesis [10],[11]. These
properties are essentialy due to the capability of LMW fucoidans to provide protection and
signal promotion to heparin binding growth factors such as FGFs, or VEGFs [12], [13]. Thus
Low molecular weight fucoidans are proposed as tissue regenerating agent which could
improve materia biocompatibility.

The aim of our work was to study LMW fucoidan effects on normal human osteobl ast
differentiation in two dimensional cultures, and to investigate the behaviour of these cells
cultured in tri-dimension with Lubboc® after impregnation or not of the biomaterial with

LMW fucoidan.
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Materials and methods

Cdll culture
Osteobl ast isolation and culture

Human osteoblast cells (HOBs) were isolated from trabecular bone in two patients one
male aged 27 and one female aged 39 undergoing hip joint replacement surgery after atraffic
accident. Bone materials were obtained after informed consent of the patients according to the
Declaration of Helsinki. Alveolar bone chips (3x3x3mm) were harvested and thoroughly
washed in phosphate-buffered saline (PBS) and placed on culture dishes with Dubelcco’s
modified Eagle’s medium (DMEM) dropped on each tissue fragment for 2 hours. DMEM
contained 2ug/mL fungizone, antibiotics (100U/mL penicillin, 100ug/mL streptomycin) and
20% fetal calf serum. The culture dishes were then placed at 37°C and 5% CO; in a heat
sterilized incubator. Culture medium (DMEM, 20% fetal calf serum, penicillin, streptomycin,
fungizone) was renewed each 3 days. At day 5 of culture cells migrated from bone chips and

reached confluence in 4 weeks.

Osteoblast culturein 2 dimensions

Confluent human osteoblasts were seeded (after trypsin treatment) at 10* cells per well
in a 24 well plate during 24 hours with DMEM containing 10% fetal calf serum, penicillin
(100U/mL), streptomycin (100ug/mL). After cell adhesion the culture medium was renewed
and low molecular weight fucoidan was added (10pg/mL) or not. We conducted in a previous
work osteoblast cultures with 1ug/mL, 10pug/mL and 100ug/ml of fucoidan , in which we
observed that with 10pg/mL of fucoidan the proliferation of osteoblasts were optimal For this
reason this concentration was used in this work. Culture medium was renewed each three days
and LMW fucoidan was added in the culture medium every three days. At day 21, osteogenic
induction was conducted through supplemented media with 100nM Bglycerophosphate and
25mM ascorbic acid. After 8, 15, 30 and 45 days of culture cells were treated with trypsin-
EDTA for cel counting (counter Coulter) or fixed with absolute ethanol (-20°C) for

morphological, histological and immunodetection studies.
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Morphological, histological and indirect immunodetection studies

-After ethanol fixation, cultured cells were stained during 2 minutes with GIEMSA
solution (Merck) then washed before microscope observation. Cell nuclel appeared blue-black

and cytoplasm blue-light.

-Von Kossa's technique was used to evidence calcium deposits. Briefly, osteoblasts
culture after washing in distilled water was covered with 5% silver nitrate during 30 minutes
in darkness. After exhaustive washing with tap water then distilled water, cell cultures were
exposed to bright sun light for 1 hour, before microscope observation. Calcium deposits

appeared black.

-Detection of akaline phosphatase activity: Osteoblasts cultures were brought to
distilled water and covered with Michaeli’s Veronal Hydrochloric acid buffer pH 9.2
containing 0.1% sodium alpha naphtol phosphate and 0.1% Fast Red during 1 hour at room
temperature then washed in running water for 2 minutes before microscope observation. Sites

of enzyme activity appear in brown.

-Indirect immunodetection of collagen type : Osteoblasts cultures were rinsed in PBS
then incubated with 3% H,O, during 5 minutes, washed in PBS. After blocking of non
specific antigenic sites with 0.1% defated milk during 10 minutes cells were incubated with
primary antibody (mouse monoclonal anti human collagen type | (Sigma) dilution 1/40)
during 1 hour and subsequently with secondary antibody (HRP goat anti mouse 1gG, dilution
1/60, Calbiochem) during 30 minutes. Peroxydase activity was detected using 3-
3’ diaminobenzidine tetra hydrochloride (Sigma) in Tris-HCI buffer pH 7.4-7.6 for 10 minutes
in dark. Negative controls were incubated with inappropriate secondary antibody or by
omitting primary antibody.

Tri dimensional osteoblast cultures on bone biomaterial (L ubboc)

Bone biomateridl

The bone biomaterial (Lubboc®) from Transphyto SA (Clermont-Ferrand, France)
was obtained by the manufacturer from calf femoral condyles after appropriate treatments
(washing, defatting, urea treatment....) patent PCT/WO/91/07/94. This purified mineralized
collagen matrix is commercially available (Lubboc®). Samples of bone biomaterial
(4mmx4mmx4mm) were rehydrated and pre incubated in a serum free culture medium at
37°C in 95%air and 5%CO; for 1 hour. Pre-incubating medium was removed and osteoblasts

John Wiley & Sons, Inc.



Journal of Biomedical Materials Research: Part A

were seeded (2.10* cell§/ bone biomaterial) in DMEM containing 10% fetal calf serum,
transferrin (10pug/mL), insulin (5ug/mL). Before cell seeding bone biomaterials were
immersed in PBS containing 40mg/mL of LMW fucoidan during 6 hours or without LMW

fucoidan (control experiment).

After 8, 15, 30 and 45 days cultured bone biomaterials were fixed in cold (4°C) 40%
ethanol (6 hours) dehydrated in increasing ethanol solution and embedded without
demineraisation in methyl methacrylate (Merck, Germany). They were then sectioned with a
polycut E microtome (Leica, Germany) serial sections (4-6um thick) were deplastified with 2
baths (25 minutes each) of 2-methoxyethyl acetate (Carlo Erba) then rehydrated with
decreasing alcohol solution (100, 70, 40, 30) until water bath.

Morphological investigations

Cultured bone biomaterial sections were stained with toluidine blue (pH 3.8) or
submitted to the same treatment as those exposed in materials and methods for 2D culture
namely: Von Kossa's technique, akaline phosphatase activity detection and indirect
immunodetection of collagen type | using mouse monoclonal anti-human collagen type |
(Sigma ), and aso indirect immunodetection of human BMP2 receptor using mouse
monoclonal anti-human Activin RIA ( R & D Systems) were performed with appropriated
secondary antibody HRP. The observation was done on Zeiss microscope.

Electron scanning microscopy

After 8, 15, 30 and 45 days cultured bone materia removed from the culture were
washed in cold PBS pH 7.4, fixed in 2.5% glutaradehyde in PBS at 4°C post fixed in 2%
osmium tetroxide and dehydrated in ethanol series. Samples were then dessicated and
mounted on auminium specimen holder and gold coated with a JOEL JFC-1200 fine coater at
15mA for 120s. Viewing was on a JOEL JSM-5600LV scanning electron microscope using
an accelerating voltage of 10kV-20kV.

Western blotting analysis

After 8, 15, 30 and 45 days of culture, culture media were submitted to western-

blotting analysis for osteocalcin.
Electrophoresis was carried out using a mini protean Il system (Biorad, France) ten per cent
polyacrylamide gels (10cm height, 1.5 mm thickness, DURACRYL from Millipore)

contained buffered solution consisting of 2.5mL 1.5M Tris HCI pH8.8; 100pL SDS 10%,
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AmL polyacrylamide , and 4mL of distilled water pH 8.8; stacking gel contained 4%
polyacrylamide in 0.5M Tris HCl pH 6.8. Gels were polymerised by adding 50pl of 10%
ammonium persulfate and 10pL of 0.1% TEMED (Biorad, France). Samples were half diluted
in 1M Tris pH6.8 containing 50% glycerol and 0.4% bromophenol blue, and gels were run
under Laemmli conditions (40mA, 1h).

Gels were transferred 75mn (75V) on polyvinylidene difluoride membrane (Immobilon
MILLIPORE) with a transfer buffer containing 20% methanol, Tris 25mM, glycine 192mM.
after blockage of non specific binding sites with 5% non fat milk for 1 hour a room
temperature, blots were incubated with anti-osteocalcin (TEBU) polyclonal antibody diluted
1:750 in PBS for 1 hour at room temperature. Membranes were washed four times during 10
minutes with PBS 0.1% Tween 20 (vol/vol) (PBS/ Tween) and incubated with peroxidase
labelled second antibody diluted 1:1000 in PBS. They were then washed extensively with
PBS/Tween, treated with Covalight (Ab-Cys, France) for 1 mn and revealed using KODAK
BIOMAX MR film. Multiple exposures were examined to ensure that the results analyzed

reflected those produced with linear range of the film.
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Results

Culturesin two dimensions
Cdll proliferation in 2D culture

Cdll proliferation was comparable at day 7 of 2D culture for osteoblasts cultured in the
presence of fucoidan (10ug/mL) when compared with osteoblasts cultured without fucoidan.
At this time cell numbers was estimated at: 65000+/-2600 for control cells and at 54000+/-
1700 cells for osteoblasts cultured in the presence of fucoidan (see figure 1). The addition of
fucoidan to the osteoblast cultures results in an increase in the cell proliferation from day 7 to
day 45 when compared with osteoblasts cultured without fucoidan; thus, at days 15 and 45
cell numbers were estimated at: 116000+/-8400 and 209000+/-2500 respectively for
osteoblasts cultured in the presence of fucoidan and estimated at 88000+/-220 and 138000+/-
1700 for cells without fucoidan (see figure 1).

Alkaline phosphatase staining

Alkaline phosphatase staining was detected for cell cultures from the 14" day of
culture for osteoblasts cultured without fucoidan and from the 7" day for osteoblasts cultured
in the presence of fucoidan. The higher staining was observed after 14 days for osteoblasts
cultured in the presence of fucoidan then decreased. For osteoblasts cultured without fucoidan
akaline phosphatase activity is detected after 14 days then increased until the end of the
culture (seefigure 2)

Von Kossa' s staining

Until day 30 Von Kossa's staining was negative and few nodules were positive at 45

days for osteoblasts cultured without fucoidan (figure 3a, b).

For osteoblasts cultured in the presence of 10ug/mL of fucoidan von Kossa's staining was

positive at 30 days for few nodules and the staining was intense at 45 days (see figure 3d, €).
Indirect immunodetection of type | collagen

Indirect immunodetection of type | collagen was positive at 15 days for osteoblasts
cultured in the presence of fucoidan as well as for osteoblasts cultured without fucoidan, the
labelling being cytoplasmic. Positive immunodetection of type | collagen was observed
located at the cell periphery after 45 days for cells cultured without fucoidan (figure 3c), this

John Wiley & Sons, Inc.
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labelling being superimposed with von Kossa's positive areas detected after 45 days for cells
cultured with fucoidan (figure 3f).

Culturesin three dimensions
Scanning electron microscopy

Scanning electron microscopy has shown the organization of the trabecular network of
the purified mineralized collagen matrix biomaterial (Lubboc®). At low magnification
(fig.4a, G=65) the biomaterial appeared as trabecules connected together with empty
interconnected medullar spaces. In figure 4b a higher magnification (G=9600) the
biomaterial (with or without pre-treatment with fucoidan) appeared with regular arrangement
of mineralized collagen bundles.

At 10 days of culture without pre-treatment with fucoidan cells displayed an elongated
shape and a disposition similar to the orientation of the rod at the surface of the biomaterial
(fig 5a, G=350). After pre-treatment with fucoidan at 10 days of culture osteoblasts devel oped
numerous filopodia (fig. 5b, G=56).

At 30 days of culture the biomaterial surface was covered with cells (fig 5¢c, G=75),
and with the biomaterial pre treated with fucoidan prior to the cell seeding, the surface of the
biomaterial was covered with a continuous sheet of oriented cells (fig 5d ,G==75), the
medullary space appearing reduced when compared at the same magnification with non
fucoidan treated biomaterial prior to cell seeding and osteoblasts made their way into the
biomateria (fig5f ,G= 100).

Cell counting after 3D culture

At day 8 and day 30 of osteoblast 3D cultures on the biomaterial, after collagenase
treatment (Clostridium histolyticum 2mg/mL) the number of cells cultured on the biomaterial
without pre-treatment with the fucoidan was estimated at: 8.5. 10° cellsymm? of biomaterial
and 22.10° cells/mm? of biomaterial at days 8 and 30 of culture (figure 5e).

The number of cells cultured on the biomaterial pre treated with fucoidan was
estimated at: 8.4.10° cellymm?® of biomaterial at day 8 of culture and at: 27.10° cells/mm® of
biomaterial at day 30 of culture (figure 5e).

John Wiley & Sons, Inc.
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Indirect immunodetections

Indirect immunodetection of collagen type | was conducted after embedding of the cultured
biomaterial in methyl methacrylate. A net positivity was observed at the periphery of the
biomaterial impregnated with the fucoidan cultured with human osteoblast at 30 days of
culture ( see fig 6 b ). This positivity was weak at the same time of culture when the
biomaterial was cultured with human osteoblasts without pre-treatment with the fucoidan.(

seefigure6a)

After western blotting analysis osteocalcin was shown to be present in the culture media
Osteocalcin appeared as a band with an apparent molecular mass estimated at about 10kDa.
For osteoblast cultured on pre-treated Lubboc with fucoidan the intensity of the labelling
decreased regularly with the culture time and was shown light at day 45 of culture. Same
observations were made with osteoblasts cultured on non impregnated Lubboc with fucoidan
with atime lag, the osteocalcin being detected in the culture media only at day 15 (see figure
7)

Indirect immunodetection of human BM P2 receptor was performed after 7 days of culture for

the biomaterial treated or not with fucoidan before 3D cultures with human osteobl asts.

With the biomaterial pre treated with fucoidan after 7 days of culture in the human osteoblasts
a net labelling was observed associated with the cells located at the periphery and in the
infrastructures of the biomaterial for BMP2 receptor (fig 8).
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Discussion

LMW fucoidan is a sulphated polysaccharide able to mimic some heparan sulphate
properties such as growth factors binding, protection and promotion [12], [13], with weaker
bleeding effect [7]. Furthermore anti-proteol ytic effects and connective tissue protection have
been recently described for this polysaccharide [8]. As heparan sulphate, LMW fucoidan
promotes endothelial cells, and dermal fibroblasts proliferation [10], [9], and in vivo neo-
angiogenesis [11]. LMW fucoidan could then be considered as healing promoter. Therefore
this non animal compound could be advantageously used in bone healing. We first tested the
influence of this heparan mimetic polysaccharide on bidimensional cultured normal human
osteoblasts behaviour.

Sequential kinetics osteoblast differentiation in bidimensional culture [14], [15], [16]
is well defined. This differentiation is characterized by cell proliferation, collagenous matrix
formation, mineralized nodule formation, expression of akaline phosphatase activity and
osteocalcin.

In bidimensional culture, our results evidenced the capability of LMW fucoidan to
promote human osteoblast proliferation that can be explained by serum growth factors
protection and promotion. Furthermore, increase of fibrillar collagens in cultured bone cell
extracellular matrix by LMW fucoidan was previously observed in fibroblast and smooth
muscle cells cultures [9], [17]. In culture, bone cells proliferation and collagen fibrillation are
essential for in vitro osteogenic differentiation [16]. These data are in concordance with
advanced osteoblasts differentiation with LMW fucoidan, as shown by early peak of akaline
phosphatase activity, early nodule formation, and massive extracellular matrix mineralization
observed in the latter phase of 2D culture.

In the second step of our experiments, we used xenogenic bone cancelous material
proposed for bone surgery repair (Lubboc® from Transphyto Ost-Devel oppement Clermont-
Ferrand, France). This biomaterial consists of purified bone natural mineralized collagenous
scaffold considered as apyrogenic and non-immunogenic and biocompatible material [4].

In vitro cultures of osteoblasts in porous materials like ceramics [18] collagen [19]
commercial bone substitutes [20] or polymers scaffold [21] were conducted by severa
groups.

It has been proposed that the porosity of the biomaterial is an important parameter for
deep cell colonization of the porous material with a good supply of fluids with nutrient

throughout the biomaterial [22]. Our observations are in accordance with these propositions.
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Lubboc according to the manufacturer’s information have micropore (100-1000nm) and
macropore (1.5-2mm) as illustrated on the scanning electron document that we have shown
(seefigl).

By simple impregnation procedure with LMW fucoidan solution (40 pg/mL) we
modified this biomaterial to explore in this bone extracellular matrix context its capabilities to
support human osteoblastic behaviour.

In our three dimensional culture models, human osteoblasts seeded on to the biomaterial
(Lubboc®) pretreated with LMW fucoidan were shown to adhere to the biomaterial, exhibited
an elongated shape and were oriented paralel to the collagen bundles. These results suggest
that the biomateria pretreated with LMW fucoidan retains its capacity concerning the
adherence osteoblastic cells.

According to the producer’s information Lubboc contains 26.0+/-1.5% of collagen and
63.2+/-0.8% of mineral. The collagen nature of this biomaterial greatly influences osteoblastic
adherence as demonstrated by Basle MF et a [2]. These authors cultured human osteoblast
like cells (Saos-2) on two different bovine xenogenic biomaterials which differed in matrix
component, the former (Lubboc®) being characterized by preservation of the mineralized
collagen matrix, the latter by complete deproteinization, only the mineral phase being
preserved; both were similar in architectural organisation. Basle MF et a reported that the
major integrin of the osteoblasts, the B1 subunit known to bind cells and collagen, was
localized at the outer surface of osteoblasts in association with collagen bundles of the
Lubboc, this attachment being linked to the elongated cells oriented parallel to the collagen
bundles while with the deproteinized biomaterial osteoblasts appeared globular and did not
adopt any preferential orientation. Our results are in accordance with this study as well as
with other studies which reported on the importance of the chemical nature of a bone
biomaterial for biointegration of xenogenic implants [23], in particular the collagenic nature
of the substitute [24] [25] for cells migration and proliferation [25][26].

Lubboc biomaterial containing well integrated oriented collagen bundles as demonstrated at
high magnification with electron microscopic studies (see fig. 1b) favours cell attachment and
orientation, this being linked to RGD sequences contained in collagen type | which is specific
to the fixation of integrin cells membrane receptor as reported by Grezsik and Robey [26].
With scanning electron microscope we observed that fucoidan pretreated biomaterial was
overgrown with osteoblasts. These are important data, considering the possible development
of tissue engineered hybrid material which could contain biocompatible osteoconductive

materials and competent bone cells for biomedical applications.
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Our observations have shown that, LMW fucoidan impregnation procedure didn’t modify cell
morphology and cell adhesion on this xenogenic collagenous bone material and cells settled
into control biomaterial and aso into LMW fucoidan impregnated biomaterial secreted
osteocalcin and expressed BMP2 receptor. Furthermore after biomaterial impregnation with
LMW fucoidan we observed osteoblast increased proliferation when compared with control
biomaterial. This fucoidan mediated phenomen could be essential for tissue integration of
processed bone biomaterial. Hartl et a demonstrated in vivo, in human, afaster integration of
alograft than Lubboc [27]. These data exhibit the importance of biomaterias micro-
environment: bone allograft processing preserved non collagenous proteins, particularly
proteoglycans, involved in growth factor availability, that were eliminated during Lubboc
purification. This suggests that biomaterial impregnation by LMW fucoidan acts as a
glycosaminoglycan alternative for heparin binding growth factor such as FGF2 [7], or TGF3
[28] and thus favours osteoblast performance.

In conclusion fucoidan in our experimental procedures stimulated expression of osteoblastic
markers differentiation such as alkaline phosphatase activity, collagen type | expression and
mineral deposition , furthermore cell proliferation was favoured. These findings suggest that
fucoidan could be clinically useful for bone regeneration and bone substitute design.
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Figure 1 : Osteoblast proliferation in 2D culture with or without LMW fucoidan (control)
added to the culture medium.

Figure 2 : Alkaline phosphatase activity expressed by human osteoblasts in 2D culture with
(d, e f) or without (a,b,c, control) 10pg/mL of LMW fucoidan after 7 (a, d), 14 (b, €) and 30
(c, f) days of culture. Magnification = 52.

Alkaline phosphatase activity was observed for cells from the 7th day of culture in the
presence of fucoidan (d) while only from the 14th day of culture without LMW fucoidan (b),
the higher activity being detected at 14 days of culture for osteoblasts in the presence of
LMW fucoidan (e).

Figure 3: Von Kossa's staining and type | collagen expression by human osteoblasts in 2D
culture with (d, e, f) or without (ab,c, control) 10ug/ml of LMW fucoidan.: Von Kossa's
staining after 30 days (a, d), Von Kossa s staining after 45 days of culture (b, €), expression of
collagen type | after 45 days of culture (c, f). Magnification = 52 for all documents.

Without LMW fucoidan, until day 30 of culture Von Kossa staining was negative (5a), and
only few nodules were positive after 45 days of culture (b). In the presence of LMW fucoidan,
von Kossa staining was positive at 30 days of culture (d) and after 45 days of culture von
K ossa staining was intense (€).

Indirect immunodetection of collagen type | was positive and localised at the cell periphery
after 45 days of culture for osteoblasts cultured without LMW fucoidan (¢) and also for
osteoblasts cultured in the presence of LMW fucoidan (f), the collagen labelling being
superimposed with von Kossa' s staining.

Figure 4. Scanning electron microscopy of bone biomaterial (Lubboc). a a Low
magnification (G=65). b: at higher magnification (G=9600).: The biomaterial appeared as
connected trabecules with empty medullar spaces (a).: The biomaterial appeared with regular
arrangement of collagen bundles(b)

Figure 5: Scanning electron microscopy of bone biomaterial with or without fucoidan pre-
treatment cultured with human osteoblasts. Without LMW fucoidan at 10 days (@) and at 30
days (c). With LMW fucoidan at 10 days (b) and 30 days (d, f). Celular density of
biomaterial with or without fucoidan after 8 and 30 days estimated after collagenase treatment

to detach cells from bone biomaterial (e).
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At 10 days of culture without pre-treatment with fucoidan osteoblasts displayed elongated
shape (a), with pre-treatment with fucoidan osteoblasts devel oped numerous filopodia (b). At
30 days of culture without pre-treatment with LMW fucoidan the biomaterial surface was
covered with osteoblasts (c), with pre-treatment with LMW fucoidan, the surface of the
biomateria is covered with a continuous sheet of osteoblasts (d), and osteoblasts made their
way into the biomateria (f).

Figure 6: Indirect immunodetection of collagen type | with human osteoblasts in 3D
culture, after 30 days of culture with (b) or without (2) LMW fucoidan. Magnification = 126.
Without LMW fucoidan only a weak positivity is detected(a). With LMW fucoidan collagen
type | appeared clearly positive (—) at the periphery of the biomateria (b).

Figure 7. Western blotting of osteocalcin secreted in the culture medium by human
osteoblasts in 3D culture after 8, 15, 30 and 45 days of culture with (f) or without (c) LMW
fucoidan.

Osteocalcin was detected by western blotting in the culture media and appeared as a band at
about 10kDa. For osteoblasts cultured on pre-treated biomaterial with LMW fucoidan the
intensity of the band decreased regularly with the culture time (from day 7 to day 45 of
culture). The same observation was made with osteoblasts cultured on non pre-treated
biomaterial the osteocalcin being detected clearly only at day 15 of culture.

Figure 8: Indirect immunodetection of BMP2 receptor with human osteoblasts in 3D
culture, after 7 days of 3D culture with (b, ¢) or without (a) LMW fucoidan. Magnification =
126.

With the biomaterial without pre-treatment with fucoidan after 7 days of 3D culture a faint
labelling was observed for BMP2 receptor (a) and for the biomaterial pre-treated with LMW
fucoidan after 7 days of 3D culture a net labelling is observed associated with the cells at the
periphery (—) of the biomaterial (b) and in the infrastructures of the biomaterial (*) (c) for
BMP2 receptor.
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Figure 1: Osteoblast proliferation in 2D culture with or without LMW fucoidan (control)

added to the culture medium.
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Figure 2: Alkaline phosphatase activity expressed by human osteoblasts in 2D culture
with (d, e, f) or without (a,b,c, control) 10ug/mL of LMW fucoidan after 7 (a, d), 14 (b, e)
and 30 (¢, f) days of culture. Magnification = 52, Alkaline phosphatase activity was
observed for cells from the 7th day of culture in the presence of fucoidan (d) while only
from the 14th day of culture without LMW fucoidan (b), the higher activity being detected
at 14 days of culture for osteoblasts in the presence of LMW fucoidan (e).
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Figure 3 : Von Kossa's staining and type I collagen expression by human osteoblasts in
2D culture with (d, e, f) or without (a,b,c, control) 10ug/ml of LMW fucoidan.: Von
Kossa's staining after 30 days (a, d), Von Kossa's staining after 45 days of culture (b, e),
expression of collagen type I after 45 days of culture (c, f). Magnification = 52 for all
documents. Without LMW fucoidan, until day 30 of culture Von Kossa staining was
negative (5a), and only few nodules were positive after 45 days of culture (b). In the
presence of LMW fucoidan, von Kossa staining was positive at 30 days of culture (d) and
after 45 days of culture von Kossa staining was intense (e). Indirect immunodetection of
collagen type I was positive and localised at the cell periphery after 45 days of culture for
osteoblasts cultured without LMW fucoidan (c) and also for osteoblasts cultured in the
presence of LMW fucoidan (f), the collagen labelling being superimposed with von
Kossa's staining.
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Figure 4: Scanning electron microscopy of bone biomaterial (Lubboc). a: at Low
magnification (G=65). b: at higher magnification (G=9600).: The biomaterial appeared as
connected trabecules with empty medullar spaces (a).: The biomaterial appeared with
regular arrangement of collagen bundles(b)
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Figure 5 : Scanning electron microscopy of bone biomaterial with or without fucoidan pre-
treatment cultured with human osteoblasts. Without LMW fucoidan at 10 days (a) and at
30 days (c). With LMW fucoidan at 10 days (b) and 30 days (d, f). Cellular density of
biomaterial with or without fucoidan after 8 and 30 days estimated after collagenase
treatment to detach cells from bone biomaterial (e). At 10 days of culture without pre-
treatment with fucoidan osteoblasts displayed elongated shape (a), with pre-treatment
with fucoidan osteoblasts developed numerous filopodia (b). At 30 days of culture
without pre-treatment with LMW fucoidan the biomaterial surface was covered with
osteoblasts (c), with pre-treatment with LMW fucoidan, the surface of the biomaterial is
covered with a continuous sheet of osteoblasts (d), and osteoblasts made their way into
the biomaterial (f).
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Figure 6 : Indirect immunodetection of collagen type I with human osteoblasts in 3D
culture, after 30 days of culture with (b) or without (a) LMW fucoidan. Magnification =

126. Without LMW fucoidan only a weak positivity is detected(a). With LMW fucoidan
collagen type I appeared clearly positive (®) at the periphery of the biomaterial (b).
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Figure 7: Western blotting of osteocalcin secreted in the culture medium by human
osteoblasts in 3D culture after 8, 15, 30 and 45 days of culture with (f) or without (c)
LMW fucoidan. Osteocalcin was detected by western blotting in the culture media and

appeared as a band at about 10kDa. For osteoblasts cultured on pre-treated biomaterial
with LMW fucoidan the intensity of the band decreased regularly with the culture time

(from day 7 to day 45 of culture). The same observation was made with osteoblasts

cultured on non pre-treated biomaterial the osteocalcin being detected clearly only at day
15 of culture.
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24 Figure 8 : Indirect immunodetection of BMP2 receptor with human osteoblasts in 3D
25 culture, after 7 days of 3D culture with (b, c) or without (a) LMW fucoidan. Magnification
26 = 126. With the biomaterial without pre-treatment with fucoidan after 7 days of 3D
27 culture a faint labelling was observed for BMP2 receptor (a) and for the biomaterial pre-
treated with LMW fucoidan after 7 days of 3D culture a net labelling is observed
associated with the cells at the periphery (®) of the biomaterial (b) and in the

29 infrastructures of the biomaterial (*) (c) for BMP2 receptor.
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