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Abstract

This present work was aimed at fabrication of brushite crystals using oil-in-water high internal phase emulsion as a reaction medium. The oil

phase of more than 75 wt.% was dispersed in the continuous aqueous phase. Due to the high oil volume fraction, the oil droplets were no longer

spherical but were squeezed to take the shape of polyhedral. The morphology of the crystals was influenced by the structure of the emulsion and

precursor concentration. The crystals were subjected to cytotoxicity test to ensure their compatibility with synoviocytes, which are cells that line

the knee joints of rabbits. The crystals were able to sustain the cells for 5 days, which manifest their potential as osteoconductive coatings.

# 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: E. Biomedical applications; High internal phase emulsion; Brushite

www.elsevier.com/locate/ceramint

Available online at www.sciencedirect.com

Ceramics International 36 (2010) 1503–1509
1. Introduction

Chemical analysis shows the presence of calcium and

phosphate as principal constituents of natural bone, enamel and

dentin. Synthetic calcium phosphates could be fabricated

similar to the crystallographic structure of natural bone, enamel

and dentin [1]. Calcium phosphates have a wide range of

applications in tissue engineering, treatment of bone diseases

and controlled drug delivery systems [2]. They have excellent

biocompatibility and bone bonding or bone regeneration

properties. Moreover, they have the ability to enhance bone

growth across a gap around an implant in both stable and

unstable mechanical conditions and even convert motion-

induced fibrous membrane into a bony anchorage [3].

Porous calcium phosphate ceramic coatings are often applied

on strong and load-bearing core materials for biological fixation

or osteointegration of load-bearing implants such as hip stems
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and dental roots. Porous materials are associated with the

connective tissue of vertebrae, where they form the main part of

the bone. Studies have indicated that pores of calcium phosphates

are necessary for controlled bioactivity and bioresorbability

[4,5]. Numerous studies have been carried out to investigate

calcium phosphate coatings on metal and polymer implants.

Calcium phosphates have been used as surface coatings on many

types of bioinert metallic and ceramic substrates, such as

titanium and alumina [6]. Taniguchi et al. [7] demonstrated that

sintered calcium phosphates showed excellent biocompatibility

with soft tissues such as skin, muscle and gum, and designed a

percutaneous catheter surrounded by calcium phosphates to

prevent bacterial infections.

In contact with biological fluids, calcium phosphate

ceramics degrade via dissolution–reprecipitation mechanisms

[8]. Under physiological conditions, this dissolution process is

highly dependent on the nature of the calcium phosphate

substrate and their thermodynamic stability, for example (in

order of increasing solubility), hydroxyapatite (HA) < trical-

tricalcium phosphate (TCP) < octacalcium phosphate

(OCP) < bicalcium phosphate dihydrate (DCPD) [9].

Brushite (DCPD) has attracted great interests amongst

researchers as a resorbable bone replacement material due to its
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higher solubility at pH 7.4 in physiological conditions

compared to other calcium phosphate crystalline phases

[10,11]. The biocompatibility and degradation of brushite

have been demonstrated in several in vitro and in vivo studies

[12–14]. Therefore, brushite is a suitable candidate as a

bioceramic coating in addition to the association with the

osteoconductivity of calcium phosphates [15]. Moreover, a

porous bioceramic external layer on a metallic or ceramic

substrate, which is used as a bone implant, will promote bone

ingrowth [16]. In treating bone diseases like osteoarthritis, cells

could be loaded onto bioceramic-coated matrices before

implanting the cell-loaded matrices into a host body for

achieving bone tissue regeneration [17].

High internal phase emulsion (HIPE) is gaining considerable

interests amongst researchers as a reaction medium for the

preparation of meso/macroporous materials [18]. This parti-

cular emulsion consists of disperse phase which exceeds the

close packing volume limit of 0.74, the point where the droplets

just touch each other [19]. Emulsion droplets of sizes between

0.5 mm and 5.0 mm offer a reaction medium fit for the creation

of micron-sized pores into an inorganic or organic matrix [2].

In this work, calcium phosphate crystals with unique

morphologies were successfully synthesized through palm

olein-in-water (O/W) HIPE. Cytotoxicity test was performed

on the crystals using synovial intimal cells, termed synovio-

cytes [20], to investigate their compatibility with the continuous

cell line from the periarticular soft tissue lining the knee joints

of rabbits. The periarticular soft tissue is subjected to

considerable experimental scrutiny owing to its involvement

in bone diseases [21–25]. This tissue lining contains a surface

layer, known as the synovium, which is 2–3 cells deep. The

synovium is underlain by a connective tissue framework with

varying amounts of fibrous, areolar and fatty tissues, which is

supported by a thick, collagenous tissue called the ‘‘capsule’’

[26]. Studies indicate that synovial tissues are enriched with

cells of the monocyte/macrophage lineage that, with appro-

priate stimuli, can be induced to differentiate into preosteo-

clasts and ultimately into fully functional osteoclasts [27–29].

In addition, several studies have shown that synovial tissues are

a rich source of a number of cytokines and inflammatory

mediators that possess the capacity to induce the recruitment,

differentiation and activation of osteoclasts [30–36]. Desig-

nated HIG-82 line was produced by spontaneous establishment

of an aging, late-passage culture of primary cells.

2. Experimental

2.1. Calcium phosphate fabrication

In order to fabricate calcium phosphate crystals through the

HIPE processing route, two aqueous solutions containing (a)

5.0 wt.% Brij 35 (Fluka) and 0.50 M calcium chloride,

CaCl2�2H2O (Sigma–Aldrich) and (b) 5.0 wt.% Brij 35 and

0.30 M disodium hydrogen phosphate, Na2HPO4 (Sigma–

Aldrich) were prepared. Brij 35 is polyoxyethylene lauryl ether

(C2H4O)23C12H25OH with CAS No. 9002-92-0. Refined–

bleached–deodorized (RBD) palm olein (Moi Foods Malaysia
Sdn. Bhd.) as oil phase was added drop wise into each of the

aqueous phase equally while stirring. The oil volume fraction

(Ø) was 0.80, which was calculated based on Eq. (1):

? ¼ mo=ro

ðmo=roÞ þ ðmw=rwÞ
(1)

where mo/ro is the volume of oil and mw/rw is the volume of

water [37].

The mixtures were then mixed and homogenized at

1500 rpm for 15 min using a Multimix CKL mixer at room

temperature to form HIPE, which was allowed to age at 40 8C
in an MMM Vacucell vacuum oven for 7 days for the formation

of calcium phosphate crystals. The pH of the HIPE reaction

medium containing calcium and phosphate ions was deter-

mined at the initial and end of the aging period using an Orion

Model 420A pH meter fitted with a Ross pH electrode at 25 8C.

In order to retrieve the precipitates, ethanol (98%, Fluka) was

added to demulsify the HIPE system. The demulsified HIPE

was centrifuged using a Hettich centrifuge at 4500 rpm for

30 min to separate the precipitates from the medium. The

washing process was repeated three times with ethanol

followed by deionized water. The precipitates were then

calcined at 600 8C in a Carbolite furnace for 2 h to obtain white

powders. The process was repeated with 0.30 M and 0.10 M of

CaCl2, and 0.18 M and 0.06 M of Na2HPO4, respectively. Bulk

calcium phosphate was prepared using conventional wet

chemical processing route whereby 0.50 M CaCl2 aqueous

solution was titrated with 0.30 M Na2HPO4 aqueous solution

under constant stirring, as a comparison to the HIPE-prepared

calcium phosphates.

2.2. Characterization

Crystallinity of the powders was measured using a Phillips

X-ray Diffractometry (XRD). The as-prepared powder was

placed on a glass slide. Measurements were taken from 48 to

708 on the 2u scale at a size step of 0.0338 s�1. The XRD data

was processed using in-built PANalytical X’pert HighScore

software to examine the peak position and its corresponding

intensity data. Chemical bonding of the powders was analyzed

using a Perkin-Elmer Fourier transform infrared (FTIR)

spectroscopy. The powders were mixed with potassium

bromate, ground homogenously and converted into pellets.

The spectra (% transmittance with wave number) were

recorded. The morphology of the powders was observed using

a LEO 1455 Variable Pressure Scanning Electron Microscopy

(VPSEM). The powders were mounted on aluminum stubs

using double-sided tape and vacuum coated with gold in a

Polaron SC500 sputter coater.

2.3. Cytotoxicity test

Cytotoxicity test was carried out for the evaluation of cell

compatibility in direct contact with brushite crystals. HIG-82

cell line (synoviocytes) was purchased from American Type

Culture Collection (ATCC, Manassas, USA) and cultured in the



Fig. 1. XRD patterns of (a) JCPDS standards of brushite and hydroxyapatite,

(b) bulk brushite and (c) brushite crystals prepared with 0.50 M calcium ion and

0.30 M phosphate ion.
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Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented

with 10% fetal bovine serum, 4.5 g/l glucose, 1.0 mM sodium

pyruvate, 2.0 mM L-glutamine, 50 mg/ml streptomycin and

50 mg/ml penicillin at 37 8C in a humidified atmosphere of 5%

CO2. Cells at a confluency of 80–90% were detached by typsin–

EDTA (0.25%) and centrifuged at 110 � g at 4 8C for 5 min.

The concentration was then adjusted to 8 � 105 cells/ml and

cell viability was >95% as determined by the trypan blue dye

exclusion.

Prior to cell seeding, the calcium phosphate powders were

pelletized, ball milled, sintered at 1100 8C, and sterilized by

washing three times with ethanol and gamma-irradiated at

40 kGy. The sintered samples were examined with XRD to

ensure that there was no change in the crystalline phases. Cell

suspension (100 ml) was dispensed into wells of 96-well culture

plates (8 � 104 cells/well) containing the crystals and incu-

bated for 5 days at 37 8C of 5% CO2. MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrasodium bromide) assay

and SEM examination were conducted at days 1, 3 and 5. The

culture medium was replaced every alternate day with care to

ensure minimum disruption of cells.

The MTTassay was used to measure the viability of cells with

the brushite crystals. The cytotoxicity of the crystals towards

cultured cells was determined by reduction of MTT reagent to

dark blue formazane dye by mitochondrial dehydrogenases of

living cells. After 1, 3 and 5 days, 20 ml MTT (5 mg/ml) was

added to each well and incubated at 37 8C with 5% CO2 and

absorbance was measured after 4 h of contact at 570 nm using a

SpectraMax Plus microplate reader. The results were expressed

as cell viability in percentage of three replicates (n = 3).

Statistical analysis was performed using one-way analysis of

variance (ANOVA) following Dunnett’s test post hoc for multi-

group comparison test. Statistical significance of differences

between groups was accepted at p value <0.05.

Prior to examination under a Phillips XL30 Environmental

Scanning Electron Microscopy (ESEM), the seeded samples

were put into separate vials and fixed in 4% glutaraldehyde for

1–2 h at 4 8C. The samples were washed with 0.1 M sodium

cacodylate buffer for three changes of 10 min each and post

fixed in 1.0% osmium tetroxide for 2 h at 40 8C. The samples

were washed again with 0.1 M sodium cacodylate buffer for

three changes of 10 min each and dehydrated with a series of

acetone; 35% 10 min, 50% 10 min, 75% 10 min, 95% 10 min

and 100% 15 min (three changes). Critical point drying was

performed with a Baltec critical point dryer for 30 min before

mounting the samples onto stubs and gold coating them with a

Baltec sputter coater.

3. Results and discussion

Fig. 1 shows that the XRD patterns of the bulk and the as-

prepared crystals portray almost similar diffraction profiles.

The diffraction peaks of the powders were indexed to brushite

crystal structure (JCPDS file no. 2-0085) with trace amount of

hydroxyapatite (JCPDS file no. 1-89-4405). No characteristic

peaks of other calcium phosphate phases and impurities were

detected. The intensity of the diffraction peaks indicates that the
samples were well-crystallized. According to our XRD results,

the main calcium phosphate phase formed is brushite. This is

contrary to the literature that the main calcium phosphate phase

at the Ca/P concentration ratio of 1.67 is hydroxyapatite (HA).

Based on the explanation by Singh et al. [38], 5 units of

CaCl2�2H2O reacting with 3 units of Na2HPO4 are not

sufficiently alkaline for producing pure HA. Eq. (2) shows

that the formation of HA will form 4H+ ions:

5CaCl2�2H2O þ 3Na2HPO4 ! Ca5ðPO4Þ3OHðsÞ
þ 4Hþ þ 10Cl� þ 6Naþ þ 9H2O (2)

About 3H+ ions will be released even if only calcium-

deficient hydroxyapatite is formed. A release of 3–4 H+ ions per

unit of HA formation causes a significant decrease in solution

pH. Brushite becomes more stable than HA when pH is <6.5

[39–42]. Our work was in agreement with the explanation

above as the pH of the HIPE reaction medium containing

calcium and phosphate ions at the initial aging period was�4.5

and the final pH was �3.8. That is why brushite is the major

phase in all the samples. Brushite formation is also contributed

by the low reaction temperature of 40 8C [43]. It was found that

the relative intensity of diffraction peak at 2u = 26.88 for the

HIPE-prepared brushite is higher than the standard because of

their preferential growth along a certain crystal plane due to

constraint within the continuous phase of HIPE [44]. The result

is consistent with the SEM observation which shows elongation

of the crystals.

Fig. 2 shows the FTIR spectra of the HIPE-prepared brushite

crystals, which is based on our previous work [45]. The

spectrum is free from alkyl group, signifying the absence of

residual organic materials. The broad band at 3000–3800 cm�1

is caused by stretching and bending of residual-free water.

Additional band at 1600 cm�1 is attributed to bending mode of

O–H group due to absorbed water. The weak band at 2900 cm�1

is assigned to O–H stretching of brushite [5]. The spectrum



Fig. 2. FTIR spectrum of brushite crystals prepared with 0.50 M and 0.30 M of

CaCl2, and Na2HPO4.

Fig. 3. SEM image of bulk brushite.
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exhibits easily distinguishable bands attributed to PO4
3�. The

bands in the range of 430–520 cm�1, 520–630 cm�1 and

720 cm�1 are assigned to y2 O–P–O bending mode, y4 O–P–O

bending mode and phosphate group bending mode, respectively

[13,47]. The bands at 900–990 cm�1 and 990–1250 cm�1 are

assigned to y1 symmetric P–O stretching mode and y3

antisymmetric P–O stretching mode, respectively [24]. The
Fig. 4. SEM images of brushite crystals prepared with (a) 0.50 M and 0.30 M, (

respectively.
PO4
3� bands extensive split at 1125 cm�1 suggests high

crystallinity of the brushite crystals which is consistent with the

XRD result.

Brushite crystals prepared by conventional processing route

was bulky in size due to the absence of a reaction medium

during preparation as shown in Fig. 3. The morphology consists

of merged large plates forming irregular chunky material with

dimension of more than 10 mm. In contrast, brushite crystals

obtained through the HIPE approach had smaller dimensions

and unique morphologies as exhibited by the SEM micro-

graphs. The differences come from the reaction media

employed and indicated that the emulsion shows a template

effect on the crystal growth to some extent [46]. The
b) 0.30 M and 0.18 M, and (c) 0.10 M and 0.06 M of CaCl2, and Na2HPO4,



Fig. 5. The morphology of the synoviocytes adhering and spreading on the brushite crystals on the (a) 1st day, (b) 3rd day and (c) 5th day.

Fig. 6. Effects of the brushite crystals on the viability of synoviocytes. All

values represent mean of triplicates of the experiment (n = 3). Statistical

analysis using ANOVA (Dunnett’s test post hoc) was performed and there is

no significant difference of the group treated with brushite crystals at day 1, day

3 and day 5 when compared with the control group ( p value >0.05).
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hydrophile–lipophile balance (HLB) of Brij 35 is more than 10

based on calculation using the Griffin equation [47]. Hence, it is

a water soluble surfactant, in which it is able to form oil-in-

water emulsion. The hydrophobic lauryl alcohol tails anchor on

the surface of the discontinuous oil droplets thus, covering

these droplets to resemble the continuous aqueous phase. On

the other hand, the hydrophilic polyoxyethylene head groups

project towards the continuous aqueous phase. The self-

assembly of the surfactant molecules forms O/W HIPE, where

the reaction between calcium and phosphate ions takes place

within the geometry of the continuous aqueous phase.

The morphology of brushite crystals is very much dependent

on the precursor concentration. The fast rate of nucleation and

crystal growth as a result of the high precursor concentration

[48] led to better defined flower-like structures. Fig. 4a shows

the SEM image of brushite crystal prepared with 0.50 M and

0.30 M of calcium and phosphate ions, respectively. The crystal

takes after the shape of a carnation composing of similar petal-

like flakes growing radially from the centre. Fig. 4b consists of

bud-like cluster of flakes connecting to one another, which was

prepared with 0.30 M and 0.18 M of calcium and phosphate

ions, respectively. The sparse flake arrangement shown in

Fig. 4c, which was prepared with 0.10 M and 0.06 M of calcium

and phosphate ions, respectively, gives rise to lotus-like

morphology.

Fig. 5 illustrates the morphology of the synoviocytes

adhering to the brushite crystals at different incubation periods

for 5 days. It is obvious that the synoviocytes adhered and

spread on the ceramic surface, which resulted in flattened

morphology. The adhered cells presented a close contact with

the surface of the crystals, which was the characteristic

morphology on the three different incubation days. Interest-

ingly, the synoviocytes maintained their robustness with the
increase of the length-to-diameter ratio of the cell by almost

twofold on the 5th day (Fig. 5c), which is in agreement with

Tomasek and Hay [49], indicative of the cells’ strong adherence

on the brushite crystals’ surface. The brushite crystals neither

caused cytotoxicity nor significant difference in the prolifera-

tion rate of the cells on the three different incubation days as

shown in Fig. 6. The cell morphology and cell viability reflect

the promising cytocompatibility properties of the crystals.

Therefore, the brushite crystals provided a cell-favourable

environment for the synovium tissue regeneration, in which
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brushite is suitable to be used as a synthetic bone replacement

material.

The formation of intimate bond between the cells

surrounding the implant and the implant material is important

as it obligates cell adherence. Cells fail to proliferate, grow and

differentiate if they are denied a substrate on which they can

adhere [50]. This anchorage dependence is a prerequisite for

bone formation in vitro [51] and in vivo [52]. Therefore,

osteoconduction is closely associated with the phenomenolo-

gical behaviour of cells to anchor, attach, adhere and spread,

and the process of bone formation requires a surface that allows

this cell behaviour [53]. The as-prepared brushite crystals

clearly favour cell proliferation.

4. Conclusion

Flower-like brushite crystals were successfully synthesized

using O/W HIPE for the first time. The crystals’ morphology

could be controlled by varying the precursor concentration.

Higher precursor concentration yielded brushite crystals with

well defined morphology. The cell experiments showed that the

brushite crystals supported growth and adhesion of synovio-

cytes thus, demonstrating good biocompatibility of the crystals.

The brushite crystals had proven to be a suitable bioceramic

coating for non-biocompatible bone implants as exhibited by

their ability to sustain the cells.
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