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Abstract

Bioceramic foams have been applied for drug releasing agents, cell loading, and widely for hard tissue scaffold. The aim of this study was

fabrication and characterization of nanostructure bioceramic composite foam (BCF) consisting of hydroxyapatite (HA) and bioactive glass (BG) via

gelcasting method for applications in tissue engineering. X-ray diffraction (XRD), scanning electron microscopy (SEM), and transmission electron

microscopy (TEM) analysis techniques were utilized in order to evaluate respectively, phase composition, dimension, morphology, and interconnec-

tivity of pores, and particle size of synthesized HA, BG, and BCF. The results showed that fabrication of the BCF with a particle size in the range 20–

42 nm and pore size in the range 100–250 mm was successfully performed. The maximum values of compressive strength and elastic modulus of the

BCF were found to be about 1.95 MPa and 204 MPa, respectively, related to a sample sintered at 900 8C for 4 h. The mean values of the true (total) and

apparent (interconnected) porosity were calculated in the range 86–91% and 60–71%, respectively. It seems that the measured properties make the

BCF a good candidate for tissue engineering applications, preferentially in drug delivery, cell loading, and other nonloading applications.
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1. Introduction

The main purpose in tissue engineering is the stimulation of

the body’s own mechanisms to reconstruct diseased or damaged

tissue to its original state and function. Bone and cartilage are

tissues that due to trauma, tumors removal, or more commonly,

age-related diseases such as osteoporosis and osteoarthritis are

often in need of regeneration [1]. On the other hand the use of

traditional methods such as autografts, allografts, and

xenografts for this purpose have the important limitations of

low availability, no mechanical strength and shape, second site

morbidity, and disease transmission like hepatitis and HIV.

Thus, with such critical arguments on applications of naturally

derived bone grafts, development of artificial bone substitution

materials made from metals, ceramics, polymers, and

composites are of a great importance [1–3].

Porous bioceramics have found various applications in

tissue engineering. Therefore, different methods have been
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developed for fabrication of these porous bioceramics,

including polymeric sponge method, conversion of natural

bones, ceramic foaming technique, gelcasting of foams, starch

consolidation, microwave processing, slip casting, and electro-

phoretic deposition technique [4]. Among these methods, the

gelcasting method has important advantages such as complex

shaping capability, good dimensional accuracy, uniform

structure, and high strength [5]. In this method, slurry is made

of ceramic powder, dispersant, surfactant, and gelling agent and

foaming is conducted through vigorous agitation [5,6]. The

foamed slurry is poured into the mold, the gelation is performed

by cooling the foam (for biopolymeric and organic gelling

agent) [5,6] or heating the foam (for monomer solution) [7].

The foam is then de-molded, dried, and finally sintered.

Many researchers have fabricated bioceramic foams, but

their produced foams had micro-sized structure [5–7].

Nanostructure materials in comparison to the same composition

of microstructure materials have better magnetical, optical,

electrical, and mechanical properties. These materials contain

large fraction of defects like grain boundaries, inter phase

boundary, and dislocations. This has a great effect on physical

and mechanical properties of the final product. In addition,
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nanostructure ceramics are stronger and tougher than large

grain ceramics. Nanostructure hydroxyapatite (HA) and

bioactive glass (BG), due to their higher surface to volume

ratio and similarity with nano-sized HA existing in the bone,

could control protein interactions (for example, adsorption,

configuration, and bioactivity); therefore, modulating subse-

quent enhanced osteoblast adhesion [8].

Considering benefits of nanostructure bioceramics, this

study focused on fabrication of nanostructure bioceramic

composite foam (BCF). For this purpose, HA and BG

nanopowders were synthesized by the sol–gel method and

porous body of HA/BG composite was fabricated by the

gelcasting technique.

2. Experimental procedure

2.1. Starting materials

The chemical materials used in this study were tetraethyl

orthosilicate (TEOS, Merck), triethyl phosphate (TEP,

Aldrich), calcium nitrate tetrahydrate (Ca (NO3)2�4H2O,

Merck), phosphoric pentoxide (P2O5, Merck), absolute ethanol

(C2H5OH, Merck), hydrochloric acid (HCl, Merck), agarose

powder (Merck), Tergitol (Aldrich), tripoly phosphate sodium

(TPP), and deionized water.

2.2. Preparation of HA nanopowder

In order to prepare nanopowder HA by the sol–gel method,

absolute ethanol was used as the solvent. The desired amounts

of calcium nitrate tetrahydrate and phosphoric pentoxide were

dissolved separately in ethanol to form 1.67 and 0.5 mol/l

solutions, respectively. The prepared solutions were mixed

together in a Ca/P molar ratio of 1.67 as an initial mixed

precursor solution. Then the mixture was stirred at ambient

temperature for about 24 h to obtain a white transparent gel. As-

formed gel was then aged at room temperature for 24 h and

dried at 80 8C in an electrical air oven for 24 h. The dried gel

was sintered at 600 8C for 2 min in a muffle furnace by a

heating rate of 5 8C/min, and was placed in air for cooling to

ambient temperature.

2.3. Preparation of BG nanopowder

For preparing nanopowder BG, the sol–gel preparation was

carried out using the BG composition that belongs to the system

CaO–SiO2–P2O5: 63S with 65 mol% SiO2, 31 mol% CaO, and

4 mol% P2O5. For this purpose sufficient amounts of TEOS,

deionized water, and 2 N HCl were dissolved in ethanol by

stirring at room temperature for 30 min. TEP was then

dissolved into the prepared sol. After stirring for 20 min, the

Ca(NO3)2�4H2O was added into the sol and stirred for one more

hour. The obtained sol was then aged at 60 8C for 48 h and dried

at 120 8C in an electrical air oven for 48 h. The dried gel was

sintered at 600 8C for 2 h in a muffle furnace by a heating rate of

10 8C/min. Then it was placed in air for cooling to ambient

temperature.
2.4. Preparation of HA/BG composite foams

A solution of 1 wt.% tripoly phosphate sodium in deionized

water was prepared as a dispersant. The uses of dispersants are

necessary to form highly fluid slurry with maximum solid

loading that lead to increasing the strength of the foam. Then a

mixture of 50 wt.% HA and 50 wt.% BG nanopowder was

prepared by ball milling (B/P: 5/1, rotational speed: 175 rpm,

and time: 45 min). This powder mixture was added to the

solution to reach a solid loading of 60 wt.% and was stirred for

15 min by a magnetic stirrer. Moreover, a solution of agarose

(7 wt.%) was prepared by mixing agarose powder with

deionized water followed by heating up to 130 8C. The agarose

solution was added to HA/BG slurry to obtain a suspension with

50 wt.% HA/BG and 1.2 wt.% active gelling agent (agarose).

During the addition of the agarose solution to HA/BG slurry,

the temperature of all constituents was maintained at 80 8C.

Then 3 vol.% Tergitol was added to the suspension as a

surfactant. The surfactant stabilizes the foams before the

permanent stabilizing by the gelation of gelling agent. Foaming

was conducted through agitation by the help of a triple-blade

mixer at 80 8C. The foamed slurry was poured into the

polyethylene mold and gelation was performed by cooling the

foam to 0 8C. The samples were then de-molded, dried in room

temperature, and sintered at different temperatures for 4 h.

2.5. Materials characterization

2.5.1. X-ray diffraction analyses

Phase structure analyses were carried out by X-ray

diffractometer (XRD, Philips Xpert) using Ni filtered Cu ka

(l Cu ka = 0.154186 nm, radiation at 30 mA, and 40 kV) over

the 2u range of 20–708 (step size: 0.05 and time per step: 1 s).

The obtained experimental patterns were compared to the

standards, compiled by joint committee on powder diffraction

and standards (JCDPS).

The crystallite size of the prepared powders and composite

foams was estimated by broadening of XRD peaks using

Scherrer’s formula [9]:

d ¼ 0:89l

B cosu
(1)

where d is the crystallite size (nm), l is the wavelength of the

X-ray (nm), B is the full width of diffraction peak under

consideration (rad) in the middle of its height, and u is Bragg’s

angle (8).

2.5.2. Electron microscopy analyses

The morphology and agglomerates size distribution of the

powders, morphology and size of the pores, and composition of

the composite foams were investigated by scanning electron

microscopy (SEM, Phillips XL 30: Eindhoven, The Netherlands)

equipped with EDS analyser utilizing ZAF corrections.

The particle sizes of the prepared foams were analysed by

transmission electron microscopy (TEM, Phillips CM-200).
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2.5.3. Porosity measurement and mechanical testing

The porosity of the bulk specimens was measured by

Archimedes method. The apparent or interconnected porosity is

determined by weighing the dry ceramic (Wd), then reweighing

the ceramic both when it is suspended in water (Ws) and after it

is removed from the water (Ww). Then

Apparent porosity ¼ Ww �Wd

Ww �Ws

� �
� 100 (2)

The true porosity includes both interconnected and closed

pores. The true porosity is

True porosity ¼ r� B

r

� �
� 100 (3)

where B is the bulk density and r is the true density or specific

gravity of the ceramic. The bulk density is the weight of the

ceramic divided by its volume [10].

B ¼ Wd

Ww �Ws
(4)

In order to determine the mechanical properties of bioceramic

foams, a good criterion is applying the compression test. For this

purpose, the compressive tests were performed on samples

consisting of cylindrical bars (10 mm in diameter and 20 mm in

length) which were loaded at a crosshead speed of 0.5 mm/min

using a universal testing machine (zwick, material prufung,

1446-60). The load was maintained until the first crack appeared

on the foam. Results were based on an average of five samples.

3. Results and discussion

Fig. 1(a and b) shows the XRD patterns of the initial BG and

HA nanopowders. The other three XRD paterns shown in

Fig. 1(c–e) are related to the composite foams sintered at 700,

800, and 900 8C for 4 h. By increasing the sintering temperature

to 900 8C, the calcium phosphate peaks appeared in the

composite foam XRD pattern. Since calcium phosphate is a

bioactive and biodegradable phase, it is not undesirable and

even in drug delivery and bone tissue engineering, is a
Fig. 1. XRD patterns of the prepared (a) BG nanopowder, (b) HA nanopowder, (c–e)

for 4 h, respectively.
beneficial phase. The crystallite size of the composite foams

was estimated by broadening of XRD peaks using Scherrer’s

formula in the range 24–38 nm.

SEM micrographs of the prepared foam in Fig. 2 show the

morphology, size, and interconnectivity of pores. As can be seen

from Fig. 2, the size of the pores was between 100 and 250 mm,

appropriate for biomedical applications. In addition, Fig. 2 clearly

shows interconnectivity between the pores. Potoczek et al.

produced HA and calcium phosphate foams with pore size in the

range 130–380 mm and 350–900 mm, respectively [5,6]. Ramay

and coworkers obtained HA foams with the pore size in the range

200–400 mm [11]. Since, minimum pore size required to enable

ingrowth of surrounding bone with blood supply, is about 100–

150 mm [12,13] and with larger pores the strength of the foams

decreases significantly [4], obtaining the minimum pore size

capable of filling with surrounding bones is very important.

To determine the true and apparent porosity of the composite

foams, three samples of the foams were selected for each

sintering temperature and the mean values of true and apparent

porosity were calculated in the range 86–91% and 60–71%,

respectively. The maximum values in the ranges are related to

minimum sintering temperature.

The mean values of compressive strength and elastic

modulus of the composite foams were measured in the range

0.87–1.95 MPa and 92–204 MPa. The maximum values are for

the sample sintered at 900 8C for 4 h. Therefore, it is obvious

that less porosity and pore size increases the two mechanical

properties mentioned above. Potoczek and coworker’s com-

pressive strength results for HA foams porosity in the range 73–

92% were 0.8–5.9 MPa [5]. Their results for the calcium

phosphate foams porosity up to 90% were 0.44–1.92 MPa [6].

Sepulveda et al. fabricated the HA foams with porosity and

compressive strength in the range 72–90% and 1.6–5.8 MPa

[7]. According to this result, the foams compressive strength

has increased with decreasing the particle size and production

of BG reinforced HA. Furthermore, decreasing particle size

through increasing the specific surface area facing the body

fluid causes to enhance the osteoblast functions, which are

proliferation, alkaline phosphatase synthesis, and calcium

containing mineral deposition [14–16].
composite foams at different sintering temperature, 700 8C, 800 8C, and 900 8C



Fig. 2. SEM micrographs of the composite foam sintered at 900 8C for 4 h at different magnifications.
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As shown in Fig. 3, the existence of calcium, phosphorus,

carbon, oxygen, and silicon in EDS analysis are related to

carbonate hydroxyapatite and bioactive glass.

Fig. 4 shows TEM micrographs of the sintered foam at

900 8C, illustrating the particle size to be about 20–42 nm. This

is in agreement with obtained results of XRD patterns (24–

38 nm).

Bioceramics as a class of biomaterials are important for

biomedical applications [17]. Porous bioceramic implants or

devices have been paid much attention. In fact, porous

bioceramics have been used for bone defect filling, implant

fixation via bone ingrowth (i.e. biological fixation), bone
Fig. 3. EDS spectrum of the composit
regeneration via tissue engineering [4,18,19], drug delivery

[20–23], cell loading [24,25], and ocular implant [26]. Porous

bioceramics such as HA and BG are the best candidates for

using in bone tissue engineering due to their similar chemical

composition to the mineral phase of bone specially that of HA,

excellent biocompatibility to bone tissue, and good bioactivity

especially that of BG that able to bond with hard and soft tissue

[4,17,27,28]. Furthermore, porous bioceramics have a high

surface area that leads to excellent osteoconductivity and

biodegradability providing fast bone ingrowth [4]. Their high

surface area increases cell adhesion to the scaffold and so

promotes bone tissue reconstruction. In addition, the growth of
e foam sintered at 900 8C for 4 h.



Fig. 4. TEM micrographs of the composite foam sintered at 900 8C for 4 h at different magnifications.
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bone tissue into the pores leads to increasing strength of the

implant [4,28]. Yoshikawa and coworkers denoted that the

compressive strength of porous HA increases from 2 to 20 MPa

after 3 months implantation [29]. It was realized that appropriate

scaffold for application in tissue engineering should have

appropriate pore size, pore interconnectivity, biocompatibility,

osteoconductivity, mechanical strength, and biodegradability.

Interconnectivity of the pore is necessary for allowing circulation

and exchange of body fluids, ion diffusion, nutritional supply,

osteoblast cell penetration, and vascularization [4,30].
The manufactured BCF, because of its sufficient pore size,

compressive strength, and interconnectivity between pores,

could be a good candidate to use in tissue engineering. Its high

porosity level and nano-sized structure increase the specific

surface and so the bioreactions will significantly increase. On

the other hand, by changing the ratio of HA/BG, it can reach the

appropriate bioactivity and biodegradability level needed for

different applications.

Further studies will be focused on cell culture and in vivo

tests on the prepared foams, composite foams fabrication with



H. Ghomi et al. / Ceramics International 37 (2011) 1819–18241824
different composition and comparison of their properties with

the single phase foams of HA and BG.

4. Conclusion

In this research BCF with a particle and pore size in the

range 20–42 nm and 100–250 mm, respectively, was fabricated.

The mean values of compressive strength and elastic modulus

of the composite foams were measured in the range 0.87–

1.95 MPa and 92–204 MPa. The maximum values in the ranges

belong to the sample sintered at 900 8C for 4 h. The mean

values of true and apparent porosity were calculated in the

range 86–91% and 60–71%, respectively. The maximum values

in the ranges are related to minimum sintering temperature. It

seems that, manufactured foam could be a good candidate for

tissue engineering applications, preferentially in drug delivery,

cell loading, and other nonloading applications, but cell culture

and in vivo tests are needed for more assurance.
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