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Abstract

Polymer sponge replication method was used in this study to prepare the macroporous hydroxyapatite scaffolds with interconnected oval shaped

pores of 100–300 mm with pore wall thickness of �50 mm. The compression strength of 60 wt.% HA loaded scaffold was 1.3 MPa. The biological

response of the scaffold was investigated using human osteoblast like SaOS2 cells. The results showed that SaOS2 cells were able to adhere,

proliferate and migrate into pores of scaffold. Furthermore, the cell viability was found to increase on porous scaffold compared to dense HA. The

expression of alkaline phosphate, a differentiation marker for SaOS2 cells was enhanced as compared to nonporous HA disc with respect to number

of days of culture. The enhanced cellular functionality and the ability to support osteoblast differentiation for porous scaffolds in comparison to

dense HA has been explained in terms of higher protein absorption on porous scaffold.

# 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: Hydroxyapatite; Compressive strength; Cell adhesion; ALP; Protein

www.elsevier.com/locate/ceramint

Available online at www.sciencedirect.com

Ceramics International 38 (2012) 341–349
1. Introduction

In the field of tissue engineering, it is well known that

scaffolds, appropriately designed in terms of structure and

properties play an important role [1–3] to direct and provide

support to the growth of cells as well as their migration around

surrounding tissue [4]. The majority of mammalian cell types

are anchorage-dependent, meaning they will not be able to

survive in the absence of an adhesion substrate. A number of

experimental investigations suggest that the scaffolds with

various compositions provide a suitable platform for cell

attachment, proliferation, and cell migration [5]. As a

consequence, efforts have been placed in the development of

porous scaffolds for bone replacement and tissue engineering.

Hydroxyapatite [Ca10 (PO4)6(OH)2], HA is one of the

known biocompatible ceramic. HA has significant chemical

and physical resemblance to the mineral constituents of human

bones and teeth [6]. Being a bioactive ceramic, HA is widely

used for various bone repairs and as coatings for metallic

artificial device to improve their biological properties. HA has
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excellent biocompatibility, bioactivity and osteoconduction

property. HA is thermodynamically the most stable calcium

phosphate ceramic compound in solution, with the pH,

temperature and composition nearest to that of the physiolo-

gical fluid. In view of the above mentioned reasons, HA has a

great ability of bond formation with the host tissue over most

other bone substitutes, such as allograft or metallic implants.

In view of favorable property combinations as well as due to

its close relationship with the mineral component of the bone

and its excellent osteophilic properties [7,8], HA has been

found as one of the materials of choice for the fabrication of

inorganic scaffolds [9–11].

It is important to meet some criteria, while developing the

porous scaffold to fulfill the requirements of the bone tissue

engineering. The property requirements include, (a) it must be

biocompatible, which enables the cell growth, their attachment

to surface and proliferation, (b) the material should induce

strong bone bonding, resulting in osteoconduction and

osteoinduction, (c) rate of new tissue formation and biodegrad-

ability should match with each other, (d) the mechanical

strength of the scaffolds should be adequate enough to provide

mechanical constancy in load bearing sites prior to regeneration

of new tissue and (e) porous structure and pore size of more

than 100 mm for cell penetration, tissue in growth and
d.

http://dx.doi.org/10.1016/j.ceramint.2011.07.012
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Table 1

Pore size distribution for an ideal scaffold in bone tissue engineering applica-

tions [12].

Pore size (mm) Biological function

<1 Protein interaction, responsible for bioactivity

1–20 Cell attachment, their orientation of cellular

growth (directionally)

100–1000 Cellular growth and bone ingrowth

>1000 Shape and functionality of implant
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vascularisation (see also Table 1) [12]. As named, porosity is an

important factor to allow cells to migrate via pores. The

interconnected pores allow cells to migrate in multiple

directions under real conditions.

In order to meet the required criteria for fabricating porous

scaffold, several processing techniques have been employed.

The most common techniques among all are gel casting [13],

slip casting [14,15], fiber compacting [16], freeze casting [8]

and gas foaming [17]. Gel casting is a wet ceramic forming

technique, which involves the polymerization of a monomer in

the presence of a solvent to form a rigid, ceramic-loaded body,

which can be machined directly in a complex mold [18]. After

gel formation, gel-cast green samples can be easily demolded

and then are dried in controlled conditions [19]. Freeze casting

is a method in which rapid freezing of a colloidal stable

suspension of HA particles in a nonporous mold takes place,

followed by sublimation of the frozen solvent under cold

temperatures in vacuum.

Among these processes, polymer replication method offers

the possibility of producing a tailored scaffold with controllable

pore size using a polyurethane sponge as a template [20]. After
Fig. 1. Schematic illustration of preparation 
considering limitations associated with various processes, the

development of HA based porous scaffold in the present work is

attempted using polymer replication method. The character-

istics of the hydroxyapatite porous scaffolds and hydroxyapa-

tite powder (starting material) were assessed by means of

scanning electron microscopy (SEM), particle size distribution,

X-ray diffraction (XRD), Fourier transformed infrared spectro-

scopy (FTIR) and compressive testing techniques. The in vitro

biocompatibility properties were assessed using cell adhesion,

MTT, ALP assay with SaOS2 cells and protein absorption

study.

2. Experimental

2.1. Starting HA powders

Hydroxyapatite (HA) was synthesized by widely reported

suspension–precipitation route, as described in our earlier work

[21,22]. The precursor materials were CaO (M/s S.D Fine-

Chem Lit., Product No. 37614), H3PO4 (M/s Merck, CAS No.

7664-38-2) and NH4OH (M/s Qualikems, Product No.

A025112). The particle size distribution was measured using

laser particle size analyzer (Analysette 22, Fritsch GMBH,

Germany).

2.2. Preparation of scaffold

The scaffolds were prepared using polymeric sponges

infiltrated with ceramic slurry method that integrates the gel-

casting and polymer sponge methods. The scaffolds were

prepared using polyurethane sponges as a template. These

polyurethane sponges were procured from commercial sources.
and characterization of porous scaffold.
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The methodology, as shown in Fig. 1 was adopted for making

the scaffold.

Several composition ratios were impregnated onto the

polyurethane sponges and were analyzed. Finally, 60 wt.% HA

loading was considered as the optimum, since the obtained

scaffold has adequate strength to withstand manual handling.

The polyurethane sponge was squeezed to remove excess slurry

and treated from ambient according to the following sintering

cycle: heating at 2 8C/min from ambient to 600 8C followed by

a 1 h plateau; heating at 3 8C/min from 600 8C followed by

another plateau of 1 h. Then, the furnace power was turned off

and the samples were allowed to cool inside the furnace for

24 h. For comparison, HA powder were compacted and

pressureless sintered at 1200 8C for 1 h to obtain nonporous

dense HA (density-98.5% rth).

2.3. Characterization of prepared scaffold

XRD analysis was carried out to identify different phases

present in the starting powders as well as in the as-sintered

scaffold. The phases of the prepared scaffolds were determined

using CuKa radiation over the 2u range of 5–708 with a step size of

0.058. In order to analyze the scaffolds, the scaffold was reduced to

powder. The phase dissociation behavior of HA or formation of

any reaction product was studied by analyzing XRD data.

The particle size distribution of as synthesized HAp powder

and compressed scaffold powder (after compression test) was

measured using laser particle size analyzer (Analysette 22,

Fritsch GMBH, Germany).

Fourier Transform Infrared Analysis (FT-IR, vortex 70,

BRUKER) was carried out using ball milled powders in the

range of 400–4000 cm�1 to obtain information about the

various chemical bonds.

A liquid displacement method was used to measure the

porosity and density of 60 wt.% HA scaffolds [23].

The mechanical properties were calculated from stress vs.

strain curve using the mechanical testing machine, INSTRON

1195. The samples used for the compression test were of

rectangular shape and were tested with crosshead speed of

0.5 mm/min using the load cell of 1 KN. Microstructural

investigation of the scaffold was performed by means of SEM

(FEI-SEM, model JSM-6330F, Philips, The Netherlands). Prior

to SEM observation, the samples were sputter-coated with a

thin Au-Pd coating in order to obtain sufficient conductivity on

the surface and to avoid charging of the surface in the SEM.

2.4. In vitro biocompatibility properties

2.4.1. Cell culture experiments

Human osteoblast SaOS2 cell lines were procured from

ATCC, USA. Prior to seeding the cells on scaffold, the cells were

revived. SaOS2 cells were cultured in McCoy’s medium 5A

(Sigma–Aldrich), supplemented with 15% FBS and 1%

penicillin/streptomycin solution. Cells were cultured at 37 8C
in humidified air with 5% CO2 until confluent. The medium was

being replaced time to time to control the pH. The numbers of

cells in confluent monolayer were approximately 5 � 105/ml. The
confluent monolayer was detached from the tissue culture flask

using 0.5% trypsin, and 0.2% EDTA solution (Sigma–Aldrich).

2.4.2. Cell adhesion test

Before cell seeding, the scaffolds were ultrasonically cleaned

and then dehydrated with 70% ethanol for 24 h to sterilize [24].

Ethanol was removed by washing the scaffolds three times with

phosphate-buffer saline (PBS) for 1 h. The scaffolds were then

exposed to UV light for 2 h, and finally soaked in medium

containing 10% fetal bovine serum (FBS) for 12 h.

As described in the previous subsection, SaOS2 cells were

grown and then subcultured. After subculturing, the cells were

washed with phosphate buffer saline (PBS, synthesized in our

laboratory), detached with trypsin solution at 37 8C for 5 min

and counted using haemocytometer. Then, the cells were

seeded on the dense HA, porous scaffold and control plastic

disc at approximate density of 5 � 105/ml. The culture plates (4

well) along with test samples were then incubated in a CO2

incubator with the previously described environment. The

culture medium was being aspirated time to time and fresh

culture medium was being added to the culture plate wells.

After the stipulated time period (7 and 10 days), the samples

were washed twice with phosphate buffer saline (PBS) and

then, cells were fixed with 1.5% glutaraldehyde diluted in PBS.

The cells, adhered on the material surfaces, were dehydrated

using a series of ethanol solution (30, 50, 70, 90 and 100%) for

10 min twice and then further dried using hexa methyl di

silazane (HMDS). The dried samples were sputter coated

(Vacuum Tech, Bangalore, India) with gold and examined

under scanning electron microscope (SEM: Philips, Quanta).

2.4.3. MTT assay

Mitochondrial dehydrogenase activity of the SaOS2 cell was

determined using a biochemical 3(4,5-dimethylthiazol-2yl)-2-5

diphenyltetrazolium bromide, SIGMA, USA), which was

reduced to formazan that accumulated in the cytoplasm of

the viable cells. For this purpose, the sterile scaffold along with

control and dense HA were placed in the 24 well plate (exposed

in UV for 30 min) and cells were seeded (200 ml DMEM with

cell suspension, serum and antibiotic) approximately at a

density of 3 � 105/ml. Subsequently, the culture plate having

replicates of each composition was incubated for 3, 5 and 7

days in CO2 incubator. After the required incubation period,

10 ml of reconstitute MTT was added in each well (5 mg/ml in

DMEM without Phenol red and serum) and plate was incubated

for 6–8 h. After the formation of formazan crystal, the samples

were removed from the well and 100 ml of DMSO (stock

solution) was added in each well, including control. The

absorbance was measured at 540 nm using ELISA automated

microplate reader (Bio-Tek, ELx800).

2.4.4. Alkaline phosphate activity (ALP) assay

ALP assay is used to assess osteoblast differentiation. In this

study, the ALP activity was measured using a commercial kit

(N2770, Fast PNPP, Sigma Aldrich). Briefly, the osteoblast

cells were seeded on scaffolds in 24 well plates. HA disc was

used as control. The osteoblast cells were harvested on dense
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HA and porous scaffold for 3, 5 and 7 days. At the end of each

interval, each specimen was incubated with addition of 100 ml

of a p-nitrophenyl phosphate solution at 37 8C for 30 min. The

production of p-nitrophenol in the presence of ALP was

measured by monitoring light absorbance by solution at 405 nm

using ELISA reader. The process was repeated for 3 times for

each time scale per sample.

2.4.5. Protein absorption

The BCA Protein Assay is the combination of very well-

known reduction process. In this process, reduction of Cu2+ to

Cu1+ takes place by protein in an alkaline medium with

detection of the cuprous cation (Cu1+) by bicinchoninic acid

(BCA). The intensity of the color produced is proportional to

the number of peptide bonds participating in the reaction. BCA

is a highly sensitive colorimetric detection reagent, which

reacts with the cuprous cation (Cu1+) [25]. The purple-colored

reaction product is formed by the chelation of two molecules of

BCA with one cuprous ion. The purple color may be measured

at any wavelength between 540 nm and 570 nm with minimal

(less than 10%) loss of signal.
Fig. 2. (a) Porous hydroxyapatite body of rectangular shape produced via. Polymeric

SEM of scaffold.
The protein adsorption study in the present case was

performed using bovine serum albumin (BSA), following

standard protein adsorption protocol. The equal protein source

was filled in 24 well plate containing sterile scaffold samples.

The plate was then placed in a sterile incubator at 37 8C for

standard incubation time. The samples were then washed with

equal volume of DI water to remove the non-adherent proteins.

Then all the samples were washed with equal amount of

1 � PBS to get the absorbed protein dissolved. Thereafter,

1 � PBS was then placed in another well plate. 1% Sodium

docedyl sulfate (SDS) solution was added to each well

containing sample and incubated at 50 8C for 15 min. Protein

concentration was finally analyzed using the bicinchronic acid

(BCA) protein assay.

2.5. Statistical analysis

MTT and ALP results were statistically analyzed using the

commercial SPSS-13.0 software. To measure the statistical

difference among absorbance values, we use the analysis of

variance (ANOVA) method. In particular, the post hoc
 sponge method using sol–gel derived HA powder and polymer slurry (b) and (c)
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Fig. 3. XRD spectrum of prepared scaffold after compression test obtained by

polymer replication method.
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comparison of the mean of independent groups was made using

Tukey test at statistical significance value of p < 0.05.

3. Results and discussion

3.1. Microstructure and physical properties

Fig. 2a represents the micrograph of as synthesized porous

HA scaffold. It is seen that there is no sharp faceted geometrical

shape. The polymer replication method was useful to produce

HA scaffolds of cube like shape or with rectangular cross-

section. The largest scaffold was of 25 mm � 25 mm � 25 mm

dimension. Another important aspect is that this synthesis route

to prepare scaffold provides better strength to handle with better

reproducibility. The pore size was ranging between 100 mm and

300 mm (Fig. 1b) and the pore wall thickness was measured as

50 mm (see Fig. 1c). Most of the pores are oval shaped and

uniformly distributed.

It can be mentioned here that the scaffolds are required to

reproduce the bone characteristics not only in terms of

composition, but also in terms of pore morphology. Porous

implants allow development of bone and soft tissues within large

pores and also blood supply for further bone mineralization. Based

on the presence of open pores, porosity can be characterized in

relation to properties like permeability and surface area of the

porous structure. High porosity can be correlated with high surface

area to volume ratio, and thus favors cell adhesion to the scaffold

and promotes bone tissue regeneration.

Fig. 3 plots the X-ray diffraction patterns of the hydro-

xyapatite scaffolds. No new phase (after sintering) is formed and
Fig. 4. Fourier transform infrared (FTIR) spect
all peaks correspond solely to hydroxyapatite phase. Moreover,

the peaks were sharp and distinct, which indicated that porous

scaffold were highly crystalline. Also, the sintering at 1200 8C
does not cause any dissociation of HA to TCP.

In the IR spectra (Fig. 4), two FT-IR bands at 635 and

3568 cm�1 correspond to the vibration of hydroxyl ions (OH�).

The ones at 1030 and 565 cm�1 are the characteristic bands of

phosphate (PO4
3�) bending vibration, while the band at

985 cm�1 is attributed to phosphate stretching vibration. The
rum of the sintered hydroxyapatite sponge.
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bands at 886, 1410 and 1465 cm�1 are indicative of the

carbonate ion (CO3
2�) substitution. The bands at 1650 and

3450 cm�1 correspond to H2O absorption. The analyses of

these bands confirmed that the FTIR spectra recorded with

porous scaffold correspond to HA [26,27].

There is a clear OH� peak at 3450 cm�1, followed by some

broad peaks between 2918 cm�1 and 2850 cm�1, may corre-

spond to HPO4
2� groups as previously reported in the literature

[28]. Phosphate bands y3 were identified by two peaks at 1102

and 1033 cm�1, whereas the y1 shoulder band is present at

965 cm�1. The shoulder bands with lower intensity located

between 1990 cm�1 and 2112 cm�1 may correspond to HPO4
2�

groups, as previously reported elsewhere [18]. Furthermore, the

phosphate y2 band was also observed at 468 cm�1 being followed

by phosphate y4 bands at peaks 603 and 550 cm�1, respectively.

There was no discernible spectrum difference between the HA

powder and HA scaffold, which further confirms that no chemical

decomposition occurred during the sintering process.

The particle size distribution of the crushed hydroxyapatite

powder and as synthesized porous scaffold are shown in Fig. 5.

The hydroxyapatite powder presents a mono-modal distribution

with an average particle size of 6.5 mm, whereas the crushed

hydroxyapatite scaffolds present a blunt bimodal distribution

with two maxima at �6.5 and �61 mm. The hydroxyapatite

powders have larger specific surface area than that of the

hydroxyapatite porous scaffolds, presenting values of 1.38 m2/g

and 0.47 m2/g, respectively. It is evident that high porosity

usually attributes high surface area to volume ratio, which should

favor cell adhesion and encourages bone tissue regeneration.

The pore architecture of scaffold directly affects its

mechanical strength [29]. Since a higher density usually leads

to higher mechanical strength, high porosity provides a

favorable biological environment. Therefore, a balance

between the porosity and density for a scaffold must be

established for the specific application. The measured apparent

density and porosity of HA scaffolds prepared with slurries of
different HA concentrations using the method shown before

(Fig. 2) were 0.74 g cm3 and about 70%, respectively. The

apparent density of trabecular bone ranges from 0.14 g cm3 to

1.10 g cm3 (average: 0.62 � 0.11 g cm3) [30].

The compressive strength was determined from stress–strain

curve by applying load until scaffold was crushed. A typical

compressive stress/displacement curve of the porous samples is

provided in Fig. 6. The mechanical response shows an early

abrupt descent, with stress values increasing until a maximum

was reached. It is evident that, as the test progressed, pores started

to be crushed. Eventually, the sample densification occurred and

due to this phenomenon, some of the tested samples did not even

break. The mechanical properties of a porous material depend on

the density of the porewall material [31]. It can be easily

explained by the simple mechanism of pore filling [32]. Initially,

when the load was applied, the initial layer was compressed and

covers the pores of next layer and become denser compared to

unloaded scaffold. The compressed particles in agglomerate fill

the void space and increase the density. Such behavior is reflected

in stress vs. strain curve (Fig. 6). At the starting point, the plot is

not smooth, but after getting dense body, the mechanical

response becomes smooth up to maximum load point.

The maximum compressive strength for the prepared

scaffold was determined as 1.3 MPa, which resembles with

earlier reported data as well as close to strength of natural bone

[33]. The compressive strength of porous human bone ranges

between 2-12 MPa for cancellous bone and 100–230 MPa for

cortical bone [34]. On the other hand, the mechanical strength

of porous HA is reported in the range of 1.2–16 MPa [35]. The

compressive strength of porous HA after implantation of 3

months is reported as 2–20 MPa [36].

3.2. Biocompatibility evaluation

The biological performance of porous HA-scaffold was

evaluated using SaOS2 osteoblast like cells. SEM results



Fig. 7. SEM image of osteoblast cells cultured on scaffold (a) after 7 day and

(b) after 10 day of culture.
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indicated that the scaffold allowed the attachment and

spreading of the cells, while keeping a normal cellular

morphology. As shown in Fig. 7, the cells are well attached

and spread on the scaffold, presenting a round shaped

configuration with extended filapodia in multiple directions,

adhering to the scaffold surface. After 7 days of culture, cells

showed a typical morphology presenting a well spread

configuration with more lamellopodia connecting to neighbor-

ing cells, starting to form a continuous cell layer. After 10 days

of incubation, virtually the entire surface was covered by cells,

and in some cases, continuous sheet of cell was seen. Similar

behavior was previously observed by Bagamsia and Joos [37].

The results of MTT assay (Fig. 8) demonstrate that the

scaffold along with dense HA, stimulated the proliferation of

osteoblast cells to a similar extent with similar difference in OD

values after 3/5/7 days of incubation. Independent of incubation

period, the porous scaffolds exhibited better cell viability in

comparison to dense HA. Such observations show efficacy of

the porous scaffold. The pore walls provide good space for cells

to proliferate in denser way. The post hoc multiple comparison

among the samples revealed that the scaffold showed the

significant difference with sintered HA. The viability of the

SaOS2 cells was found to be superior in case of scaffold than
that of cells cultured on sintered HA. In summary, it can be said

that the scaffold shows good cytocompatibility as well as

enhanced cell viability property with respect to incubation

period.

ALP is a representative enzyme of osteoblastic differentia-

tion, and ALP activity is considered as an indicator of

osteoblastic differentiation of SaOS2 cells cultured on the

scaffolds. As shown in Fig. 9, ALP expression of cells grown on

sintered HA and HA scaffold increased continuously over the

varying culture duration. After day 3, the ALP activity on the

scaffolds was low, and then increased on day 5 and 7. The ALP
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activity of osteoblast-like cells grown on the porous scaffolds

for various culture times was significantly higher than that of

dense HA.

The cellular functionality in terms of adhesion, proliferation

and differentiation depends on protein adsorption on scaffold,

which is a necessary biological pre-requisite process.

As explained in Section 2.4.5, the rate of BCA color

formation is dependent on the incubation temperature, the type

of protein and the relative amounts of reactive amino acids

contained in the proteins. Fig. 10 presents the absorbed protein

density on control disc, dense HA and porous scaffold after 4 h

incubation. It is clearly evident that the protein density is

approximately 4 fold of control disc and approximate 2 fold of

dense HA after 4 h of incubation period. These results

corroborate well with cell adhesion and viability assay, as

the cell adhesion is directly related to the amount of protein

absorbed on the surface.

In summary, it can be stated that the pore size distribution

and surface chemistry provided favorable topographical

substratum for cell attachment and ingrowth in the present

case. In particular, the scaffold surface favored enhanced

surface wetting properties, which could affect cell attachment

directly or indirectly through selective adsorption of serum

protein required for cell attachment. It is known that the

absorbed protein modulated cellular interactions [38].

It is also well known, that the physicochemical features of

the ceramic surface can affect the reorganization of proteins on

porous scaffold and change the profile of absorbed proteins

[39]. The pore wall thickness and homogeneous distribution of

oval shaped pores provided larger surface area to facilitate

protein absorption and cell proliferation as well as cell viability

and osteoblast differentiation.

4. Conclusions

a) The present investigation confirms, that it is possible to

produce porous scaffold with homogeneous pore distribution
and pore wall thickness using polymer sponge replication

method. While the pore size varies between 100 mm and

300 mm, the pore wall thickness was �50 mm. The apparent

density and porosity of HA scaffold were calculated of

0.74 g cm3 and �70%, respectively.

b) The compressive strength of porous scaffold was calculated

as 1.3 MPa, which correlates well with the strength of

natural cancellous bone.

c) The HA based porous scaffold could support the attachment,

growth and ALP production of human osteoblast type

SaOS2 cells. The experimental results revealed that porous

scaffold could provided better substrate for cell adhesion and

proliferation and differentiation of osteoblast type cells, in

comparison to dense sintered HA. Such difference has been

explained in terms of higher protein absorption on porous

scaffold.
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