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Abstract: Recent studies have shown that thermal method for

b-1,3-glucan (curdlan) gelation performed at temperature

above 808C enables fabrication of biocompatible bone scaf-

folds. The aim of this study was to establish new method for

fabrication of b-1,3-glucan/hydroxyapatite (glu/HA) scaffold

using ion-exchanging dialysis for curdlan gelation that allows

for the modifications of the glu/HA material with thermo-

sensitive agents like growth factors or adhesive proteins.

Obtained results reveal that fabricated scaffold appears to be

highly osteoconductive as it is nontoxic, promotes osteoblast

growth and proliferation as well as increases bone alkaline

phosphatase level thereby enhancing cell differentiation. It was

demonstrated that developed new method for the glu/HA scaf-

fold fabrication allows to obtain material that not only can be

modified with thermo-sensitive agents at the stage of produc-

tion process but also is a promising candidate for bone tissue

engineering applications to act as a framework for osteoblasts

to spread and form new bone. It should be noted that dialysis

method for curdlan gelation has never been used before to

fabricate bone scaffold. VC 2016 Wiley Periodicals, Inc. J Biomed

Mater Res Part A: 104A: 2528–2536, 2016.
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INTRODUCTION

Fabrication of available implantable materials is a funda-
mental element of tissue reconstruction.1 Two types of bio-
materials for bone regeneration may be distinguished
within biomedical materials field. First type includes bone
substitutes that are often used to fill large bone defects and
thus may be exposed to high mechanical stress. Therefore,
this type of biomaterials should have mechanical properties,
such as compressive/tensile strength or Young’s modulus
values, close to human bone. The second type involves bone
scaffolds, whose pivotal role is to improve the regeneration
process in the place of bone defects. For this reason, high
biocompatibility of these materials is often favored over
their mechanical properties and thus their implantation is
limited to the areas that are not exposed to high mechanical
loads.2,3 Considering bone regeneration process, the scaf-
folds should be primarily osteoconductive which is defined
as promotion of osteoblast adhesion, proliferation, and
differentiation.4

Hydroxyapatite (HA) and tricalcium phosphates (a-TCP
and b-TCP) are considered to be major implantation ceramic
materials used in bone tissue engineering. HA, an essential

mineral component of bone, was shown to be completely
biocompatible, osteoconductive, and bioresorbable.5,6 Never-
theless, calcium phosphate bioceramics reveal relatively
long degradation time in human organism, possess unsatis-
factory mechanical properties, and due to the their friability
do not exhibit good surgical handiness. Fabrication of two-
or three-component composite biomaterials composed of
bioceramics and natural or synthetic polymers exhibiting
high bioactivity and in vivo gradual biodegradability allows
to connect advantages of both types of materials.7

Curdlan (b-1,3-glucan) is a bacterial linear D-glucose
homopolymer which possesses various biological properties
such as anti-cancer, anti-septic, anti-inflammatory, or antico-
agulant activities.8 Furthermore, it has unique ability to
form firm but flexible gel. Curdlan gelation may be induced
either by heating its aqueous suspension to above 558C8 or
by neutralization its alkaline solution in acids as well as
dialysis against alkali metal salts at room temperature.9,10

Recent studies performed by our research team have shown
that curdlan gel obtained by heating to above 808C is a suit-
able HA binder for bioactive bone substitutes.11,12 Moreover,
thermally obtained curdlan gel has also been successfully
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used as a constituent of highly biocompatible tricomponent
chitosan/b-1,3-glucan/bioceramic scaffolds.4,13

The aim of this study was to establish new method for fab-
rication of b-1,3-glucan/hydroxyapatite (glu/HA) scaffold for
bone tissue engineering applications by dialysis of the mixture
of the alkaline b-1,3-glucan solution and HA granules into
aqueous calcium chloride at room temperature. The goal of
the study was also to demonstrate that applied method, which
may yield benefits associated with modifications of the mate-
rial with thermo-sensitive agents (e.g., growth factors, adhe-
sive proteins) at the stage of production process, allows to
fabricate the biomaterial characterized by high biocompatibil-
ity and osteoconductivity. It should be noted that dialysis
method for curdlan gelation has never been used before in the
biomedical materials field to fabricate biomaterials for bone
tissue engineering.

MATERIALS AND METHODS

HA granules preparation and characterization
HA granules were produced according to the common proce-
dure described elsewhere.14,15 Briefly, 1.67M H3PO4 (Avantor
Performance Materials, Poland) was added to 1 M aqueous
suspension of Ca(OH)2 (Avantor Performance Materials,
Poland) and pH was adjusted with 2M NaOH (Avantor Per-
formance Materials, Poland) to approximately 11. Received
precipitate was dried at 908C for 24 h, crumbled into smaller
particles, sintered at 11508C for 2 h, and then sieved to collect
0.3–0.6 mm in diameter granules. The phase of prepared HA
granules was identified by X-ray diffraction (XRD). XRD analy-
sis was performed using the CuKa radiation generated at 40
kV and 20 mA (conventional sealed 1500 watt X-ray tube was
applied as the X ray source) and a scan range between 208

and 508 2h at a step size of 0.018 (2h). XRD spectrum was
recorded in Bragg–Brentano focusing mode with the
diffractometer type HZG-4 (Zeiss) and scintillation detector.
Identification of the HA phase was performed using the PDF-4
database (ICDD).

b-1,3-Glucan/hydroxyapatite scaffold fabrication
Beta-1,3-glucan/hydroxyapatite (glu/HA) scaffold was pro-
duced in accordance with procedure described in Patent
pending.16 The appropriate amount of b-1,3-glucan powder
(Wako pure Chemicals Industries, Japan) was dissolved in
NaOH solution of pH 12.7 (Avantor Performance Materials,
Poland) and mixed to make homogeneous gel. Then, the
desired quantity of HA granules was gradually added. After
thorough spread of HA granules in curdlan solution using
the planetary centrifugal mixer, the prepared uniform mass
was put into dialysis tubing and dialyzed against CaCl2 solu-
tion (Avantor Performance Materials, Poland) at room tem-
perature to gel the b-1,3-glucan component of the material.
Afterwards, the prepared two-component scaffold was
rinsed three times for 30 min. with deionized water to
remove residues of CaCl2 from the surface of the material.
Fabricated glu/HA material, containing 8 wt % of curdlan
and 80 wt % of HA granules, was cut into suitable sizes and
left to air dry for 24 hours. Prepared biomaterial in a wet
and dry state is presented in Figure 1.

Scaffold microstructure visualization
The cylinder-shaped samples (8 mm in diameter, 15 mm in
length) were used to evaluate the structure of the composite.
Surface of the glu/HA scaffold was visualized using scanning
electron microscopy (SEM, Nova NanoSEM 450, FEI). The
microstructure of the scaffold was determined by the com-
puted microtomography (SkyScan 1272, Bruker Micro-CT)
using samples in a wet state (after soaking in normal saline
solution—0.9% NaCl). Obtained set of images (a total of 2000
pieces) was reconstructed into cross-sections using NRecon
software (Bruker Micro-CT, Belgium) and further analyzed.
The isotropic voxel size obtained was 5 lm in each axis.
Moreover, to quantitatively evaluate the total, open, closed,
and potential porosity (after b-1,3-glucan degradation), the
CTAn software (Bruker Micro-CT, Belgium) was applied.

Compression test
The cylinder-shaped scaffold samples (the same like in the
case of computed microtomography analysis) were allocated
to compression test after soaking in phosphate buffered saline
(Sigma-Aldrich Chemicals, Poland) as biomaterials occur in a
wet state within organism. Then, wetted samples were sub-
jected to compression testing using Zwick Roell Z2.5 testing
machine (preload value of 1 N, crosshead moving speed
10 mm/min followed by basic load rate 0.5 mm/min). Based
on obtained data, Young’s modulus (E) and compressive
strength values were determined as described earlier.3 The
maximum strain value of 30% was applied. Compression test
was conducted using four separate scaffolds (n5 4). The
results were expressed as mean values6 standard deviation
(SD).

Water uptake determination
The scaffold samples measuring 8 mm in diameter and
15 mm in length were used to determine water uptake behav-
ior. Water absorption capacity of the glu/HA scaffold was eval-
uated by measuring the weight increase with time after
placing the samples into normal saline solution (0.9% NaCl).
The normal saline solution was used so as to keep the actual
procedure that is applied during pre-operative treatment
(before the implantation surgery, biomaterials are often

FIGURE 1. Photograph of the glu/HA scaffold in a wet state just after

fabrication process and in a dry state after air drying (red arrow).
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soaked in normal saline solution) and to assess the potential
of the tested scaffold as a drug carrier—antibiotic solutions
are often prepared in 0.9% NaCl. The weighting was per-
formed until no further increase in weight of the sample was
observed (60 min.). The water uptake ability was expressed
as weight increase (Wi) using the equation: Wi 5 (Wt-W0)/W0

3 100, where W0–weight of the dry sample at time 0;
Wt–weight of the soaked sample at time t.3,11 The experiment
was performed using four separate samples of the glu/HA scaf-
fold (n54). The results were expressed as mean values6 SD.

Cell culture experiments
For cell culture experiments the cylinder-shaped material
(8 mm diameter) was cut into 2 mm thick discs and sterilized
via ethylene oxide. Before setting up the tests, the discs placed
in wells of a 48-well plate were incubated in a complete cell
culture medium for 24 h at 348C or 378C (depending on the
kind of cell line used).

Cell lines. Two osteoblastic cell lines were used in this
study: hFOB 1.19 (normal human fetal osteoblasts) and
MC3T3-E1 Subclone 4 (normal mouse calvarial preosteo-
blasts) obtained from ATCC (American Type Culture Collec-
tion). The hFOB 1.19 cells were cultured in a DMEM/Ham
F12 medium (Sigma-Aldrich Chemicals, Poland) with addi-
tion of 300 lg/mL G418 (Sigma-Aldrich Chemicals, Poland),
whereas MC3T3-E1 cells were cultured in MEM Alpha
(Gibco, Poland). Both culture media were supplemented
with 10% fetal bovine serum (Pan-Biotech, Germany), 100
U/mL penicillin, and 100 lg/mL streptomycin (Sigma-
Aldrich Chemicals, Poland). The osteoblasts were grown at
348C (hFOB 1.19) or 378C (MC3T3-E1) in a humidified incuba-
tor with 5% CO2. Cell differentiation was initiated via addition
of osteogenic supplements as it was described earlier.13

Cytotoxicity evaluation. The hFOB 1.19 cells (at concentra-
tion of 1 3 105 cells/mL) and MC3T3-E1 cells (at concentra-
tion of 2 3 105 cells/mL) were seeded directly on the glu/HA
discs in 500 lL of complete growth medium. After 24-h incu-
bation at recommended for each cell line temperature, cell
viability on the scaffold was assessed by fluorescent staining
using Live/Dead Double Staining Kit (Sigma-Aldrich Chemi-
cals, Poland) according to the manufacturer instruction. Live
cells emitted green fluorescence, while dead cells emitted red
fluorescence of nuclei. The cells were observed under confocal
microscope (Olympus Fluoview equipped with FV1000).

Cell growth assessment. To evaluate the growth of osteoblast
cells on the scaffold surface, the hFOB 1.19 (at concentration of
5 3 104 cells/mL) and MC3T3-E1 cells (at concentration of 1
3 105 cells/mL) were seeded on the glu/HA discs in 500 lL of
complete growth medium. The culture media were replaced
every third day. On the second, fifth, and eighth day of culture,
F-actin filaments and nuclei were stained with AlexaFluor635-
phalloidin (Invitrogen, Poland) and Hoechst33342 fluorescent
dyes (Sigma-Aldrich Chemicals, Poland), respectively. The
detailed procedure of cell staining was described previously.4

Stained osteoblasts were observed under confocal microscope.

Cell differentiation evaluation. The hFOB 1.19 and MC3T3-
E1 cells were seeded as described in Cytotoxicity evaluation
section. Control culture was conducted directly on polystyrene
and analyzed in parallel. After 24-h incubation, the growth
media were replaced by osteogenic ones. The medium replace-
ment was performed every third day throughout the duration
of the experiment. Markers of the osteogenic differentiation
were determined on the 4th, 12th, and 18th day of culture
either in cell culture supernatants (osteocalcin [OC]) or in cell
lysates (bone-specific alkaline phosphatase and runt-related
transcription factor 2). Supernatants were collected via centrif-
ugation of the plate at 250 3 g for 4 min. (48C). Afterwards, cell
lysates were obtained via two frozen/thawed cycles and soni-
cation as described earlier.13 The OC concentration was deter-
mined in supernatants using enzyme-linked immunosorbent
assays (ELISAs) specific for mouse (muOC ELISA kit, Immuno-
topics) and human (huOC ELISA kit, QuidelVR ). Bone-specific
alkaline phosphatase (bALP) and runt-related transcription fac-
tor 2 (RUNX2) levels were evaluated in cell lysates using appro-
priate ELISA kits specific for mouse (muALPL ELISA kit and
muRUNX2 ELISA kit, Uscn Life Science) and human (huBAP
ELISA kit, QuidelVR and huRUNX2 ELISA kit, Uscn Life Science).
Four separate control and glu/HA samples were analyzed
(n5 4). The results were expressed as mean values6 SD.
Obtained data were analyzed using unpaired t test to assess
statistical differences between scaffold and control samples.
Differences were considered as statistically significant with
p< 0.05 (GraphPad Prism 5, Version 5.04 Software).

RESULTS

Phase analysis of HA granules
The XRD pattern of fabricated HA granules (Fig. 2) obtained
in the range between 208 and 508 2h were consistent with
the ICDD data indicating that prepared HA granules were
pure-phase, well-crystallized, and without any presence of
other calcium phosphates. Crystallite size of HA granules
(calculated using Scherrer equation) was equal 22.97 nm.

Microstructure analysis of the scaffold
Porosity of the glu/HA scaffold was determined by computed
microtomography (lCT). Total porosity was composed of
closed (12.6161.31%) and open (0.546 0.25%) porosity
and had relatively low value of 13.086 1.34%. Potential
porosity, defined as a space created after potential degrada-
tion of b-1,3-glucan gel in organism environment [purple
color in Fig. 3(a)], was much higher and reached the value of
64%. The lCT analysis showed uniform distribution of HA
granules [yellow–green color in Fig. 3(a)] in whole volume of
fabricated composite without any clusters of the HA particles.
Air voids (pores) were visible in the form of black areas in the
interparticulate spaces. Moreover, SEM image demonstrated
that HA granules, with an irregular shape and sharp edges,
were uniformly covered by b-1,3-glucan gel layer [Fig. 3(b)].

Mechanical behavior of the scaffold
The stress-strain curve obtained with compression test is pre-
sented in Figure 4. The glu/HA scaffold revealed poor mechani-
cal properties with the average Young’s modulus value of
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0.176 0.05 MPa and the compressive strength value of
0.0576 0.006 MPa. The strain value to 30% did not cause
decohesion process and complete destruction of the material,
only some cracks within the sample were observed.

Water uptake determination
The glu/HA scaffold exhibited meaningful liquid uptake abil-
ity after placing the dry sample in normal saline solution
(Fig. 5). Already after 2 min. soaking, the Wi value reached
34.716 7.45%. However, the sorption tendency of the glu/
HA sample still increased with time and after 20 min. the
Wi value was equal 53.0267.86%. At this point the glu/HA
scaffold reached sorption equilibrium and further weight
increase was not considerable.

Cytotoxicity evaluation
The live/dead staining revealed group of viable osteoblast
cells (green fluorescence) and only single dead cells (red
fluorescence) on the glu/HA scaffold surface (Fig. 6). The
osteoblasts were mostly well flattened, especially in the

case of MC3T3-E1 cell line, indicating their good adhesion
to the biomaterial surface.

Osteoblast proliferation assessment
The osteoblast growth on the glu/HA scaffold was assessed
by confocal microscopy observation on cell cytoskeleton and
nucleus staining (Fig. 7). Confocal microscope observation
revealed clusters of well spread osteoblasts on the material
surface already after 2-day culture. Moreover, both hFOB
1.19 and MC3T3-E1 cells had extensive system of cytos-
keletal filaments, many filopodia, and large nuclei indicating
their good condition and proliferation on the scaffold. More
importantly, the considerable increase in cell number was
observed with time, so on the eighth day of the experiment
the surface was covered by almost multilayer of osteoblasts.

Osteogenic differentiation evaluation
In the case of both cell lines, hFOB 1.19 and MC3T3-E1, the lev-
els of RUNX2 determined in the control and glu/HA samples
were almost the same at each time interval [Fig. 8(a,b)].

In turn, the glu/HA scaffold showed tendency to increase
bALP concentrations in hFOB 1.19 and MC3T3-E1 cultures com-
pared to the control cells [Fig. 8(c,d)]. More importantly, hFOB
1.19 cells cultured on the glu/HA exhibited significantly
(p< 0.05) higher bALP levels at each time point compared to
the control cells [Fig. 8(c)]. On the 4th, 12th, and 18th day, the
bALP concentrations in control samples were as follows:
1.1960.16 lg/mL, 4.0860.78 lg/mL, and 8.8460.66 lg/mL,
respectively, whereas the following bALP levels were detected in
the glu/HA samples: 2.86 0.61 lg/mL (p5 0.0021), 6.236

0.77 lg/mL (p5 0.0079), and 11.236 0.61 lg/mL (p5 0.044),
respectively. In the case of MC3T3-E1 cells, significantly higher
(p5 0.0005) amount of bALP in the glu/HA sample compared
to the control cells was detected only on the 18th day of the
osteogenic differentiation [Fig. 8(d)]. It should be noted that sim-
ilarly to hFOB 1.19 cells, MC3T3-E1 cells cultured on the glu/HA
scaffold generated higher bALP levels compared to the control
throughout duration of the experiment, but differences observed

FIGURE 2. XRD pattern of fabricated hydroxyapatite (HA) granules

including Miller’s indices.

FIGURE 3. Microstructure of the glu/HA scaffold visualized by (a) lCT (HA—yellow–green color, b-1,3-glucan gel-purple color, air voids-black

color) and (b) SEM, magn. 1203.
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on the 4th and 12th day were not statistically significant.
Surprisingly, although significantly augmented bALP production
by hFOB 1.19 cells cultured on the glu/HA scaffold was observed
throughout duration of the experiment, the OC synthesis was
undetectable using ELISA test even on the 18th day. In the case
of control hFOB 1.19 cells, the OC production was detected at
comparable levels (�3 ng/mL) at each time point [Fig. 8(e)].
Unlike hFOB 1.19 osteoblasts, the MC3T3-E1 cells started syn-
thesis of OC protein on the 12th day of the experiment [Fig. 8(f)],
but OC concentration in the scaffold sample (1.8460.44
ng/mL) was significantly lower (p5 0.0001) compared to the
control cells (13.676 0.52 ng/mL). The OC level in the glu/HA
sample increased with time, but on the 18th day it was
still significantly lower (8.696 1.96 ng/mL, p 5 0.0003) than
the OC concentration detected in the control sample
(20.3263.14 ng/mL).

DISCUSSION

Natural bone grafts possess osteoinductive and osteocon-
ductive properties and are considered to be a “gold stand-
ard” for regenerative medicine applications. However, their
use is limited due to some risk they might carry like infec-
tions17 leading to increased morbidity and transplant rejec-
tion.18 Taken these drawbacks into consideration, there is a
constant need to fabricate the synthetic biomaterials as sub-
stitutes for natural grafts. In this study, new method based
on dialysis of alkaline curdlan solution into calcium chloride
was successfully applied to fabricate biomaterial composed
of bacterial b-1,3-glucan (curdlan) and HA.

The lCT analysis [Fig. 3(a)] showed low total porosity
(�13%) of the fabricated glu/HA scaffold. However, its high
potential porosity (64%)—defined as a space filled by the

FIGURE 4. The stress-strain curve obtained with compression test for

the glu/HA scaffold. FIGURE 5. Water uptake ability of the glu/HA scaffold expressed as

percent of weight increase (Wi) with time after soaking in normal

saline solution (mean 6 SD, n 5 4).

FIGURE 6. Confocal microscope images presenting viability of osteoblast cells on the glu/HA scaffold after 24-h culture (viable cells-green fluo-

rescence, dead cells-red fluorescence), magn. 1003; Nomarski contrast was also used for visualization of the glu/HA scaffold structure.
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b-1,3-glucan hydrogel matrix—may indicate that this bioma-
terial would allow for the easy transport of oxygen,
nutrients, and waste metabolic products in vivo across its
structure. Note that appropriate microenvironment is essen-
tial for cell proliferation, differentiation, and new bone
growth. Moreover, b-1,3-glucan gel obtained by dialysis
method was proved to undergo acidic hydrolysis and conse-
quently degradation.19 Therefore, it may be assumed that
glu/HA scaffold after polysaccharide matrix degradation in
vivo would provide optimal space for osteoblast ingrowth as
well as for angiogenesis process and formation of blood
vessels.

The compression test demonstrated that glu/HA scaffold
is characterized by low Young’s modulus (0.176 0.05 MPa)
and compression strength (0.05760.006 MPa) in compari-
son to human bone. It was shown that elastic moduli for
cortical and cancellous bone are equal 7–30 GPa and 0.02–
0.05 GPa, respectively, whereas compressive strength values
are 130–230 MPa and 2–12 MPa, respectively.20 Inferior val-
ues of Young’s modulus and compressive strength estimated
for the glu/HA may be a result of its specific composition.
In contrast to the HA granules, the b-1,3-glucan matrix is a
very flexible component of the glu/HA material and presum-
ably it is especially susceptible to the strain. Moreover, the
compression test was performed using material in a wet

state what was justified by the implantation procedure and
conditions in a living organism. Dry glu/HA sample is char-
acterized by huge hardness and in contrary to wet scaffold
is not flexible at all. Thus, dry glu/HA material would cer-
tainly reveal higher stiffness (Young’s modulus) and com-
pressive strength value. Obtained results indicate that
application of glu/HA scaffold is limited to the implantation
areas that are not exposed to high mechanical loads. Never-
theless, due to low Young’s modulus value, it also reveals
high flexibility indicating its good surgical handiness in wet
state and ability to fit into the bone defect area.

Water uptake behavior is an essential feature of absorb-
ent, porous materials (like glu/HA scaffold) that should be
assessed. Water uptake test provides information about the
time required for the complete absorption of drugs or phys-
iological solution by the sample. It is especially important
in regards to drug delivery applications and pre-operative
procedure.21,22 The glu/HA scaffold revealed huge capacity
to absorb liquid (Fig. 5) in relatively short time of soaking
(�20 min.). Thus, it may be suggested that glu/HA scaffold
is a promising candidate as drug delivery carrier and its
surgical applications are not limited due to too long time
needed for complete saturation.

Moreover, bone scaffold for regenerative medicine appli-
cations should be osteoconductive, which is characterized

FIGURE 7. Confocal microscope images showing proliferation of osteoblast cells on the glu/HA scaffold after 2-, 5-, and 8-day culture (cytos-

keletal filaments-red fluorescence, cell nuclei-blue fluorescence), magn. 2003.
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by biological features like promotion of osteoblast adhesion,
spreading, proliferation, and differentiation followed by
bone extracellular matrix (ECM) formation and mineraliza-
tion. In the first step of the in vitro culture experiment, the
cytotoxicity of the glu/HA scaffold was assessed. The micro-
scopic observation after live/dead double staining (Fig. 6)
demonstrated that both hFOB 1.19 and MC3T3-E1 cells cul-
tured on the glu/HA scaffold were mostly viable and well
flattened indicating their good adhesion to its surface. More-
over, confocal microscope observation performed at 3 inter-
vals during long-term culture of osteoblasts on the glu/HA
material revealed good cell spreading and proliferation on
the scaffold (Fig. 7). The amount of hFOB 1.19 and MC3T3-
E1 cells noticeably increased with the time and 8 days after

cell inoculation almost entire surface of the glu/HA scaffold
was covered by multilayer of osteoblast cells suggesting
that glu/HA scaffold surface is beneficial to cell growth and
proliferation.

Osteoconductivity of the material is primarily determined
by good osteoblast differentiation on its surface and effective
new bone formation. Osteoblast differentiation is a complex
process related to synthesis and release of specific proteins
(e.g., type I collagen, OC) and enzymes (bALP) that are consid-
ered as osteogenic markers.13 Moreover, the differentiation
process is regulated by some transcription factors such as
osterix or runt-related transcription factor 2 (RUNX2).23

RUNX2 is considered to be a key regulator of osteoblast differ-
entiation enhancing expression of fibronectin, type I collagen,

FIGURE 8. Determination of RUNX2 (a,b), bALP (c,d), and osteocalcin (e,f) production during differentiation process of hFOB 1.19 (a,c,e) and

MC3T3-E1 (b,d,f) osteoblasts. The differences between the results obtained with the cells cultured on the glu/HA scaffold and control cells cul-

tured on polystyrene were considered as statistically significant based on unpaired t test (*p< 0.05, n 5 4).
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osteopontin, and OC. It has also been shown to be essential
for maintenance of osteoblast biological function.24

In this study, RUNX2, bALP, and OC levels were eval-
uated as osteogenic markers during osteoblast differentia-
tion process in vitro. At each time interval, the amounts of
RUNX2 in hFOB 1.19 and MC3T3-E1 cultures grown on the
glu/HA and in the corresponding control samples were
comparable [Fig 8(a,b)] suggesting that osteoblast cells
retained their functions and the differentiation process run
correctly. Moreover, the meaningful increase in bALP level
with the time was observed in the case of both tested osteo-
blast cell lines [Fig. 8(c,d)]. More importantly, cells cultured
on the glu/HA scaffold released significantly higher amounts
of bALP in comparison to control cells cultured on polysty-
rene what may suggest that glu/HA enhances osteogenic
differentiation. The OC ELISA test showed the lack of OC
synthesis (marker of the ECM mineralization) in hFOB 1.19
osteoblasts cultured on the glu/HA scaffold at each time
point during the experiment [Fig. 8(e)] indicating that on
the 18th day of the incubation, the hFOB 1.19 cells were
still in the phase of bone ECM synthesis/maturation and did
not begin ECM mineralization phase. In the case of MC3T3-
E1 cells cultured on the glu/HA, OC ELISA test revealed ini-
tiation of OC synthesis on the 12th day [Fig. 8(f)]. Interest-
ingly, control osteoblasts of both cell lines grown on
polystyrene produced great amounts of OC protein [Fig.
8(e,f)]. Control hFOB 1.19 osteoblasts synthesized significant
levels of OC at each time interval during the experiment,
whereas control MC3T3-E1 cells, similarly to MC3T3-E1
osteoblasts cultured on the glu/HA, produced OC beginning
from the 12th day—however, the amounts of OC protein
released by control MC3T3-E1 cells were significantly higher
than those produced by cells grown on the scaffold [Fig.
8(f)]. As glu/HA scaffold significantly increased bALP syn-
thesis and because the OC production (mineralization
phase) was still undetectable or at low level in osteoblasts
cultured on the material on the 18th day, it may be implied
that glu/HA scaffold enhances osteogenic differentiation
mainly via promotion and prolongation of the ECM synthe-
sis/maturation phase, which is characterized by the highest
bALP synthesis and activity during differentiation process.
However, it should be noted that prolonged time of the
experiment would probably result in the initiation of the
ECM mineralization and OC would be detected also in osteo-
blast cultures grown on the glu/HA scaffold. Thus, to fully
understand the effect of fabricated scaffold on the osteo-
genic differentiation, it is planned to repeat the experiment
and performed it for longer period of time to detect the last
stage of differentiation as well.

Based on the results obtained with in vitro culture experi-
ments, it may be inferred that application of dialysis method
for glu/HA scaffold fabrication allows to obtain non-toxic
material that possesses ability to support osteoblast growth
and proliferation and also to enhance osteogenic differentia-
tion. It should be noted that recent studies performed by our
research team demonstrated that addition of b-1,3-glucan
(curdlan) to chitosan/HA scaffold results in promotion of
osteoblast adhesion, growth, and proliferation.3,4,25 Moreover,

chitosan/b-1,3-glucan/HA scaffold was proved to enhance
osteogenic differentiation13 and not to induce osteoblasts-,
monocytes-, and macrophages-mediated inflammatory
response in vitro26 indicating its high biocompatible proper-
ties. Nevertheless, fabrication process of the chitosan/b-1,3-
glucan/HA scaffold requires the gelation of the b-1,3-glucan
component at 908C what limits its modification by addition of
thermo-sensitive biomolecules such as adhesive proteins/
growth factors or antibiotics at the stage of scaffold produc-
tion.25 In contrary to described in the literature thermal
method for curdlan gelation and biomaterial fabrication, pre-
sented in this study dialysis method for the glu/HA scaffold
production allows for the b-1,3-glucan gelation at room tem-
perature and thus makes the glu/HA scaffold an excellent
base to thermo-sensitive biomolecules modifications as
described in Patent pending.16 Scaffold modifications with
adhesive proteins/growth factors are of great interest in bio-
medical materials field as they enable to facilitate osteoblast
adhesion, bone ECM formation followed by mineralization
and consequently bone tissue regeneration at the site of
implantation. These kind of the material modifications will be
the subject of our further research on the glu/HA scaffold.

CONCLUSIONS

This study clearly indicates that new method for the b-1,3-
glucan/hydroxyaptite scaffold fabrication allows to obtain
non-toxic, and supportive to osteoblast growth, proliferation,
and differentiation material. Fabricated via dialysis method
glu/HA material exhibits osteopromotive and highly osteo-
conductive properties in vitro. However, fabricated scaffold
has relatively poor mechanical properties limiting its appli-
cation to the implantation areas that are not exposed to
high mechanical loads. The glu/HA material possesses also
meaningful ability to aqueous solution uptake and retention
extending its potential application as drug delivery carrier.
Based on obtained results it may be implied that produced
using dialysis method glu/HA material has high biomedical
potential as bone scaffold and is a promising candidate for
regenerative medicine applications.
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