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ABSTRACT

Objective: To prepare and characterize composite scaffolds of a hydroxyapatite (HA) and an alginate having high viscosity.

Materials and Methods: HA powder was synthesized using wet chemical precipitation, the alginate powder was extracted from the Sargassum
duplicatum seaweed, and the HA/alginate composite scaffolds were prepared by freeze-drying. X-ray diffraction and Fourier transform infrared
techniques were utilized to characterize the HA and alginate, and electron microscopy was used to evaluate the HA and the HA/alginate composite
scaffolds. The HA/alginate composite scaffold obtained from the commercially available HA and alginate powders were employed as a comparison.

Results: Synthesized HAs were identified as the HA phase, which contained absorbed water, phosphate, and carbonate groups. The extracted alginate
contained the carboxyl, cyclic ether and hydroxyl groups. The scaffolds prepared from the HA and alginate mixture were three-dimensional and
containing interconnected pores with a diameter ranging from 150 to 300 pm and pore walls of a composite construction.

Conclusion: A three-dimensional scaffold was produced using a freeze-drying method from a composite of HA and the high viscosity alginate solution.
The scaffold was highly porous and showed interconnected pores, with a diameter ranging from 150 to 300 um.
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INTRODUCTION

In the past two decades, tissue engineering by bone regeneration has

become an alternative method used to overcome the shortcomings of
conventional bone defect treatments [1-4]. In tissue engineering, the
application of biomaterials is increasing, and the development of porous
media, the so-called scaffold, is an advanced multidisciplinary research
effort meant to meet the tissue engineering demand for regenerating
tissues [5,6]. Tissue engineering involves cells that are taken from a
human body, and then seeding them onto a scaffold and implanting
them into the body where they grow and eventually become new
bone tissue. In artificial tissue construction and regeneration, growing
cells with an engineered scaffold should enhance the development of
artificial tissues [7-9]. Therefore, the scaffolds should mimic the bone
structure and provide space (pores) for the seeded cells.

Bone is a composite structure of organic materials, mainly a collagen
matrix, and inorganic phases, mainly bone apatite, which mineralizes
the matrix. The exterior consists of cortical bone, which is solid with
only a few small canals. The interior contains trabecular bone, which
resembles scaffolding or a honeycomb. The spaces between bones are
filled with fluid bone marrow cells, which make blood, and some fat
cells [10].

Calcium phosphate ceramics, particularly macroporous hydroxyapatite
(HA), are ideal for bone tissue engineering because they are similar
to apatite bone. Moreover, they are able to produce scaffolds with
interconnected pores [6,11]. However, the conflicting requirements
for porosity and strength have limited its use as a scaffold. In the past
several decades, addition of biopolymers to bioceramics and to produce
composite scaffolds is known to form pores and enhance mechanical
strength [12].

A vast number of scaffolds are obtained from mixtures of ceramic and
biopolymer materials. Composites of HA and collagen have been studied
to produce composite scaffolds [13,14]. Gelatin, the cost-effective,
denatured form of collagen, has also been combined with HA [15]. Due
to its remarkable antibacterial activity, chitosan, a natural cationic, has
been used to prepare HA/chitosan composited scaffolds [16]. Alginate,
a natural resource of polysaccharides derived from seaweed, is widely
used in biomedical purposes [17,18]. Recently, alginate-based scaffolds,
such as HA/alginate and HA/alginate/chitosan composites, have
been developed for bone tissue engineering [19,20]. Particularly, HA/
alginate composite scaffolds have been found to increase the pore size
of bone [21,22]. Because large pores may be suitable for cell attachment
in the inner parts of a scaffold, the HA/alginate scaffold may offer an
alternative for bone tissue engineering.

Alginate [(C,H,0ONa) ], a natural resource of polysaccharides derived
from brown seaweed, composed of 1-4-f3-D mannuronic and L-guluronic
acids contains a large number of pendant carboxylic acid groups, which
provide sites for heterogeneous mineral nucleation [23-25]. Alginate
is highly hydrophilic that can form stable hydrogels in the presence of
certain divalent cations, such as Ca2+, Mg2+, Fe2+, Ba2+, or Sr2+. Ca2+
is one of the most commonly used divalent cations to ionically cross-
link with alginate [26,27].

In the search for new resources to potentially produce alginates, one
abundant type of brown seaweed (algae), Sargassum duplicatum from
the coast of Banten of Indonesia, has been identified and have become
an attractive material for food [28-30]. However, alginates have notbeen
studied for biomedical applications. Extracted alginate S. duplicatum
solution has been found to be more viscous, with relatively high
viscosity compared to that of the commercially available alginate [31].
To more accurately mirror the structure of bone, a composite of HA
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and alginate, both substituting for bone apatite and collagen, has been
considered. Traditional methods for producing porous biopolymer-
based scaffolds include gas foaming, solvent casting, phase separation,
particulate leaching, and freeze-drying. Compared to the other
methods, freeze-drying is the easiest way to fabricate porous scaffolds.
Since freeze-drying can be used for bioceramic and biopolymer
materials, freeze-dried structures can produce a wide pore when both
materials are used to construct a scaffold [22]. Moreover, with water
as the solvent, the process is environmentally-friendly. Therefore, the
objective of this study, therefore, was to prepare and characterize an
experimental composite scaffold of a HA and an alginate having high
viscosity.

MATERIALS AND METHODS

Materials

Reagents, i.e. ,H3P04, Ca(OH]Z, HCI, and Na2C03 and the commercially
available HA (used for tissue engineering) and alginate were obtained
from Sigma-Aldrich (Merck, USA. The synthesized HA and extracted
alginate were obtained by preparation.

Synthesis of HA powder

The wet chemical method was conducted following the technique
for the synthesis of HA nanoparticles that was indicated by Bouyer
et al. [32,33]. Briefly, the H,PO, solution was added to the Ca(OH),
solution using titration. The solutions were vigorously stirred and then
aged until white precipitates formed. The precipitates were collected,
filtered and washed, dried in a vacuum oven and calcined at 750°C. The
synthesized HA powder was ground, and then stored in a desiccator.

Extraction of alginate powder

The brown seaweed species, S. duplicatum, was collected from the reef
flats of the Pamengpeuk shore of Banten, in West Java of Indonesia.
Once harvested, the seaweed specimens were washed with water
to remove dirt, air dried and stored in the shade at a ventilated site.
Extraction of alginate was carried out using the method reported in
previous studies [24,31].

In short, the dried seaweed specimens were soaked in water overnight
at room temperature, and then washed with distilled water and stored
in 0.3 % HCl solution for 1 h, after which they were washed again with
distilled water. They were then immersed in 2% Na,CO, solution for 1 h,
and water was added before it was left to stand overnight.

The viscous mixture was separated from its residue under continuous
stirring and controlled heating at 100°C for 3 h. After this, the
supernatant was separated, and the soluble fraction of alginate filtrate
was filtered using a vibration screen, and then acidified using a 10%
NaCl solution until a pH of 3 was obtained. Next, the filtrate was gently
stirred until thick foam floated at the surface.

The filtrate was then filtered and rinsed with water and NaOH solution
to reduce its acidity until a pH of 7 was obtained. The obtained fiber was
milled with a blender, and then dried followed by grinding to produce
the alginate powder.

Preparation of the HA/alginate composite scaffolds

The synthesized HA and the extracted alginate powders were used
to prepare the HA/alginate composite scaffolds, based on the freeze-
drying method adopted from an existing technique [22]. First, the
alginate (3% w/v) solution was prepared by dissolving alginate powder
in distilled water under stirring (Heidolph MR 3001, Germany) at
900 rpm for 2h, and then HA powder was added to the alginate solution
under stirring at room temperature for 2 h. Next, a crosslinker 0.03M
CaCl, aqueous solution was added drop by drop into the HA/alginate
solution under gentle stirring. After titration, the mixture was stirred
completely with a mechanical stirrer at 900 rpm for 6 h to obtain a
perfect HA/alginate gel. It was then left to stand overnight to remove
the air bubbles. All processes were carried at room temperature.
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For preparing the scaffolds, HA/alginate gel was then subjected to the
freeze-drying process. The HA/alginate composite gel was molded in
glass molds (@=16 mm, thickness=5 mm) and initially frozen at -40°C
(Biotron CleanVac, Korea) for 24 h. Subsequently, the gel continued
to undergo freeze-drying at 0.1-0.2 torr at the same temperature for
another 24 h. This process produced the experimental HA/alginate
composite scaffolds. HA/alginate composite scaffolds prepared from
the commercially available HA and alginate were employed for a
comparison.

The X-ray diffraction (XRD) measurement

XRD, as described by Rietveld refinement method, was used to identify
the HA phase. Each of the molded powders was scanned using a
diffractometer (Phillip PW-2213/20, The Netherlands) with CuKa
radiation. The samples were scanned using a step-scanning method in a
diffraction angle ranging from 5° to 55°.

Fourier transform infra-red spectroscopy analysis

Fourier transform infrared (FTIR) spectroscopy was used to analyze the
chemical state of the HA and alginate powders. Approximately 2mg of
each sample was prepared using the KBr pellet technique and molded
into a plastic ring mold (0.5 mm in thickness and 2.5 cm in diameter),
and then hydraulically pressed into a pellet. The samples were then
mounted into the FTIR apparatus (Spectrum One, Perkin Elmer, Japan)
at 4 mm/s with transmittance spectra ranging from 450 to 3500 cm™.

Electron microscopic determination

The microstructure of the HA powders and the HA/alginate scaffolds
were observed using scanning electron microscopy (SEM) (JEOL, JSX-
3211, Tokyo, Japan). For the experimental HA/alginate scaffolds, the
samples were cut in cross-sections. Before the test, each sample was
mounted onto aluminum stubs and gold-coated.

RESULTS AND DISCUSSION

Phase identification
The XRD profiles of HA powders are given in Fig. 1

The XRD profiles of the HA powders are shown in Fig. 1. Fig. 1a shows
the characteristic peaks at major planes (002), (210), (211), (112),
(300), (202), and (310), which were in good agreement with those
in the ICDD Card No. 09-0232, thus identifying that the synthesized
HA was in the HA phase. The XRD Rietveld refinement of the peaks
showed that there was no phase other than the HA phase. The XRD
profiles of the synthesized HA (Fig. 1a) demonstrate broad peaks,
showing that the crystallinity of the synthesized HA was lower than
that of the commercially available HA, which has sharp peaks. This was
likely to be due to impurity in the synthesized HA (Fig. 2a). However,
for tissue engineering purposes, the profiles of the synthesized HA
were in agreement with the profiles of the commercially available HA
(Fig. 1b).

Functional groups
The FTIR spectra presented in Fig. 2 are from the HA powder.

As seen in the FTIR spectrum results for the synthesized HA (Fig. 2a),
an envelope around 3000-3500 cm™ along with a peak at 1639 cm™ are
assigned to the hydroxyl (O-H) group, which indicates that adsorbed
water has accumulated in the structure. The main signal, which appeared
in triplicate at around 1000-1100 cm™, was for the phosphate (P-0)
groups; signals at 962, 642, 564, and 475 cm™ are also represented. The
band clearly seen at 631 cm™ is attributed to the O-H from the absorbed
water, thereby confirming the formation of HA. The peaks at 1449 cm™
and 1412 cm™ indicate the carbonate (-CO,) groups, which is an impurity
incorporated into the HA structure. This condition is biomimetic to
human bone, which is carbonated. The occurrence of the (CO,) groups
may be explained by the broad peaks shown in the XRD profiles (Fig. 1a).

With respect to the commercially available HA (Fig. 2b), the peak for
the absorbed O-H group was clearly seen at 634 cm™; however, the
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Fig. 1: X-ray diffraction profiles of the (a) synthesized and (b) commercially available hydroxyapatite
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Fig. 2: Fourier transform infrared spectra of the (a) synthesized
and (b) the commercially available hydroxyapatite

peak for -CO, was unclear due to the broad peak attributed to the P-O
group. The peak in the 2300-800 cm™ region is attributed to the main
signal in triplicate of the P-Ogroup, which appears to be broader than
normal. This condition probably occurred because more phosphate was
included in the synthesis of the commercially available HA.

The FTIR spectra of the alginate powders are presented in Fig. 3. As
seen in Fig. 3a, it is obvious that the extracted alginate showed broad
peaks attributed to the hydroxyl (0O-H) groups at 3650 cm™?, 3434 cm™,
and 555 cm™. The peaks presented at 2910 cm™ are assigned to the
alkene (C-H,) groups. Characteristic peaks at 1623 cm™ and 1414 cm™
are due to the carboxyl (C=0) group.

Another characteristic peak at 1028 cm™ represents the cyclic ethers
(C-0-C). The FTIR spectra of the extracted alginate are in agreement

with the commercially available alginate (Figure 3b), which presented
two peaks at 3401 cm™ and 559 cm™. The peaks at 2928 cm™,
1626 cm™, and 1419 cm™, and another peak at 1027 cm™ are attributed
to the O-H, C—HZ, C=0, and C-0-C groups, respectively.

Microstructure of the HA and HA/alginate composite scaffolds
Mixture of the alginate and HA has produced three-dimensional HA/
alginate scaffolds. The geometry of the scaffolds was 16x1 mm in
diameter and 5+1 mm in thickness. The micrograph obtained from the
SEM of the scaffolds was seen in Fig. 4.

Fig. 4al and 4b1l presented the microstructure scaffolds of the
experimental and commercially available HA/alginate scaffolds,
respectively. Both scaffolds contained pores connected by pore walls.
The average pore diameter was around 150-300 pm. This diameter
was in a range that is a key prerequisite for cell attachment and
growth in the pore, which is 200-400 pm [5]. The highly porous
structure of the scaffolds was obtained by the freeze-drying method.
When the HA/alginate gel was frozen, the water molecules produced
ice crystals, which were then removed by freeze-drying through
a sublimation process; hence, porous HA/alginate scaffolds were
constructed.

The pore walls were seen as granules entrapped in a matrix throughout
the scaffolds (Fig. 4b1 and 4b2). The granules were HA grains distributed
in the alginate that constructed a HA/alginate composite structure. The
pore walls of the synthesized HA/alginate (Fig. 4b1) displayed a rough
surface; however, the commercially available HA/alginate (Fig. 4b2)
had a smooth surface. This condition may be related to the method of
synthesizing HA carried out in this study.

In this study, the powder was obtained by the wet chemical
precipitation, whereas, the commercially available HA was assumed
to be synthesized by the self-assembly method using a template, as
reported in Shi et al. [34]. The use of a silica mesoporous template has
helped in locating Ca®>* and PO,*" based on the template shape. After an
aging period, removal of the template may leave an abundant amount of
nanocrystalline HA according to the template. Therefore, it is possible
that the HA particles were distributed more regularly throughout
the alginate gel. However, in general, both the experimental and the
commercially available HA/alginate scaffold displayed a bone-like
microstructure similar to that of commercially available HA/alginate
scaffolds.

The experimental HA/alginate scaffolds produced from the present
study may be used to design a bone-like scaffold, for which the
interconnected porous microstructure with a relatively large pore
diameter could be applied for cell attachment and growth. Because a
scaffold should also be a biomimetic structure, with biomimetic physical
and mechanical properties, further study would include investigating
the mechanical properties of scaffolds, which is just as important as the
biodegradability of the material.
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Fig. 3: Fourier transform infrared spectra of the (a) synthesized and (b) the commercially available alginate
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Fig. 4: Micrographs of the (a1, a2) experimental hydroxyapatite
(HA)/alginate and (b1, b2) commercially available HA/alginate
composite scaffolds

CONCLUSION

Mixtures of the synthesized HA and the high viscosity alginate solution
has produced three-dimensional experimental HA/alginate scaffolds
constructed from the HA/alginate composite structure. The scaffolds
showed interconnected pores, with a diameter ranging from 150 to
300 pum.
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