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Introduction 

This study was based on developing a Porites asteroides coral 
powder-based composite material for possible use in future bone 
implants. P. asteroides coral is made up of 99% calcium carbon-
ate, known as aragonite mineral, which grows throughout the 
Pacific Coast coral reefs. This material has been studied for im-
plant purposes for more than 15 years because of its biological 
properties (Vuola et al., 1996). Its structure is similar to that of 
human cortical bone and it is considered to be, “one of a limited 
number of materials that will form chemical bonds with bone 
and soft tissues in vivo” (Ben-Nissan, 2003, p. 285). A mineral 
known as porous hydroxyapatite (HA) can be obtained from P. 
asteroides coral by subjecting it to several heat treatments. This 
substance is structurally similar to P. asteroides coral and is also 
used for implant purposes. The difference between HA and coral 
is that HA is not biodegradable, making the implant last longer 
(Vuola et al., 1996; Ben-Nissan, 2003). The application of this 
type of coral in bone implants to replace diseased bone has been 

widely studied and its features have been analysed (Khavari et 
al., 1993; Begley et al., 1995; Vuola et al., 1996; Ben-Nissan, 
2003; Ripamonti et al., 2008). These studies have shown P. 
asteroides (and other coralline samples) to be biologically viable 
for this purpose, as it is a biocompatible, osteo-conductive and 
inert material. It has been stated that this type of coral has osteo-
inductive properties when exposed to bone marrow cells, but 
not in itself (Braye et al., 1996; Vuola et al., 1996).  

In spite of it having biological properties which are highly appro-
priate for implant purposes, P. asteroides coral has limited me-
chanical properties (Ben-Nissan, 2003) which are equally funda-
mental for developing bone grafts and implants that will assure a 
suitable level of in vivo resistance. The mechanical strength that 
the matrix material will need to provide in developing an appro-
priate composite material for bone implant purposes must be 
considered. Local research has focused on this concern, having 
mainly examined the development of human (Rojas, 2000) and 
bovine bone powder-based (Peñaloza, 2007; Quevedo, 2004; 
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ABSTRACT 

Studies concerning the application of Porites asteroides coral for bone implant purposes have demonstrated the biological 
viability of its use. As a complement to previous research regarding the development of bone-powder based composite ma-
terials which are useful for such applications, this study was aimed at developing a coral powder-based composite material 
which would be able to satisfy the appropriate structural, mechanical and cytotoxic properties required for its use.  A com-
posite material made of coral powder, calcium sulphate powder and water was therefore developed, and its properties were 
tested in different compositions. The results showed how the resulting composite material had properties which were compa-
rable to those of human cortical bone (from both a structural and mechanical point of view), as well as being non-toxic be-
low a 0.35 mg/ml critical composite material concentration.  

Keywords: Keywords: Keywords: Keywords: Porites asteroides coral, bone implant, composite material, calcium sulphate, biomaterial characterisation.  

RESUMEN 

Diferentes estudios referentes a la aplicación del coral tipo Porites asteroides en implantes óseos han demostrado su viabili-
dad biológica para este fin. Como complemento a investigaciones previas relacionadas con el desarrollo de un material 
compuesto a base de polvo de hueso susceptible de osteo-implantación, el propósito de este estudio es desarrollar un ma-
terial compuesto a base de polvo de coral, que satisfaga las propiedades estructurales, mecánicas y citotóxicas requeridas 
para ser considerado como un material adecuado para este fin. A partir de esto se desarrolló un material a base de polvo 
de coral, polvo de sulfato de calcio y agua, y se realizaron los respectivos ensayos en diferentes composiciones del mismo. 
Los resultados generales muestran que el material compuesto desarrollado posee propiedades comparables a las del hueso 
cortical humano (desde un punto de vista tanto estructural como mecánico) y adicionalmente no muestra evidencias de 
citotoxicidad si se utiliza en concentraciones menores a  0.35 mg/ml.  

Palabras clavePalabras clavePalabras clavePalabras clave: coral Porites asteroides, implantes óseos, material compuesto, sulfato de calcio, caracterización de bioma-
teriales.  
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was statistically analysed to examine the influence of the chosen 
factors on the powder’s main features. Given that three main 
types of powder were obtained per sample, three separate 
analyses were carried out for each one5. The response variables 
chosen for studying each type of powder were the following: 
particle size (s) in µm, particle shape factor (sf) and percentage 
weight (w) each type of powder represented within the complete 
sample. Particle size (s) was obtained through an optical analysis 
of each type of powder sample by calculating the smallest di-
ameter upon which each particle could be fully surrounded. 
Likewise, particle shape factor (sf) was calculated by dividing the 
largest diameter that could be inscribed inside each particle, by 
its previously calculated size; 30 particle measurements were 
made for each test, to acquire a statistically-relevant sample of 
the total population. Each powder’s percentage weight (w) was 
measured to examine its variability over the different tests car-
ried out. As three types of powder were analysed per test, 18 
samples were studied (counting the 6 tests originally made).  

 

 

Figure 1. Apearance of 
type 1 P. asteroides 
powder obtained during 
machining 

 

 

 

 

 

Figure 2. Appearance of 
type 2 P. asteroides 
powder obtained during 
machining 

 

 

 

 

 

 

Figure 3. Appearance of 
type 3 P. asteroides 
powder obtained during 
machining 

 

 

 

A two-way analysis of variance (ANOVA) was built for comparing 
the averages obtained for size (s), shape factor (sf) and percent-
age weight (w) in each sample to property averages of samples 
relative to the same type of powder. 

Developing the composite material  

Recent studies have suggested the use of calcium sulphate as 
being appropriate for implant purposes (Khavari et al., 1993; 

Reina, 2005; Salazar, 2009) composite materials satisfying im-
plant requirements. Bone powder has been shown to be an 
appropriate alternative for developing bone implants, as it was 
easy to obtain at a minimum amount of lost material. This study 
describes two main phases: the development of a coral powder-
based composite material and the characterisation of its struc-
tural, mechanical and cytotoxic properties to determine its level 
of appropriateness in bone implant applications.  

Materials and methods  

Producing coral powder particles 

Tangential milling was chosen as the most appropriate machining 
mechanism for obtaining coral powder, given that the speci-
men’s shape did not have to be modified or combined with any 
other substance. According to prior related studies (Lugo, 2009), 
the most influential cutting parameters affecting this material’s 
surface roughness and cutting force are depth of cut (p) in mm 
and feed rate (f) in mm/min and tool nose radius (r) in mm, to a 
lesser extent. It was found that the rest of the observed parame-
ters, (i.e. rake and clearance angles (α and β) in ° and cutting 
speed (v) in m/s) had little or no influence on the variables being 
analysed. While processing the coral specimen, a factorial ex-
periment was designed to study the effect of varying the speci-
men’s machining conditions on the type of powder obtained 
from each one, especially in terms of its size and shape. Two 
main factors were chosen for analysis: t feed rate (f) in mm/s and 
depth of cut (p) in mm. Both factors were varied according to 
three levels, thus giving six treatment tests (see Table 1).  
Table 1. List of chosen experimental factors and their respective levels. 

The feed rate (f) levels were set according to the milling cutter’s 
available values; the depth of cut (p) was divided into three uni-
form levels, each one separated from the other by 0.5 mm. Fac-
tors kept constant during the experiment were cutting tool speed 
(v) and rake and clearance angles (α and β), along with tool nose 
radius (r) and tool diameter (d). Even though these factors re-
mained constant throughout the experiment, they may neverthe-
less have affected the size of the obtained particles, according to 
theoretical relationships between this variable and cutting pa-
rameters during regular milling (Micheletti, 1980). 

Characterising the coral powder so produced 

Initial results showed that a mixture of different sized particles 
appeared in each sample. After separating each mixture by siev-
ing, three main types of powder were obtained, differentiated by 
their size range and grouped into the following categories: Type 
1 particles (see Figure 1) which were smaller than 250 µm, Type 
2 particles (see Figure 2) which were sized 250 µm to 500 µm 
and Type 3 particles (see Figure 3) 500-1,000 µm.  

Particles larger than 1 mm were discarded as they had a much 
larger size and irregular shape due not to machining but to speci-
men tearing while machining its edges. These particles were 
therefore classified as Type 4.  

After having completed the factorial experiment, each sample 

Experimental factor Unit Level 1 Level 2 Level 3 

Feed rate (f) mm/s 0.16 0.24 0.37 

Cutting depth (p) mm 1 1.5 2 

5 Due to Type 4 particles’ observed irregularities regarding shape and size these were not submitted to further characterisation or analysis.   
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Cho et al., 2005). Commercially known as gypsum, this sub-
stance has been widely used for developing dental and ortho-
paedic implants (Pecora et al., 1997; Tay et al., 1999), demon-
strating its in vivo biocompatible and osteo-conductive properties 
while implanted (De Long et al., 2007; Jung et al., 2010).  An 
additional advantage of using calcium sulphate is its easy ma-
nipulation, given that it hardens through a chemical process at 
room temperature, without the need for adding any substance or 
applying any further treatment to it. The composite material was 
therefore made of coral powder, calcium sulphate powder and 
water. A factorial experiment was designed to analyse whether 
different amounts of coral powder and calcium sulphate added 
would influence the properties of the final composite material 
(chosen experimental factors are shown in Table 2).  

The amount of coral powder related to the amount of calcium 
sulphate was studied in order to examine the effects of adding 
more coral powder (regardless of its type) to the composite ma-
terial, whereas the amount of Type 2 regarding Type 3 coral 
powder added was analysed to evaluate the difference between 
using different types of coral while developing the composite 
material.6 

Table 2. List of chosen experimental factors and their respective levels 
(CS stands for calcium sulphate) 

 

 

 

 

 

Mechanical properties  

Tests for Shore D hardness (H), apparent porosity (Pa), compres-
sive strength (Sc) and modulus (Mc) and flexural strength (Sf) and 
modulus (Mf) were carried out for each sample in the Universi-
dad de los Andes’ Mechanical Properties laboratory. The Shore 
D hardness test was carried out on 10 specimens from each 
sample in line with ASTM D695-08 while compressive and flex-
ural tests were made upon five specimens per sample, as sug-
gested in ASTM D790-02 and D2240-05, respectively. Porosity 
was tested upon the same specimens used for testing flexural 
properties, as suggested by Peñaloza (2007). 

Cytotoxic properties 

Chronic cytotoxicity tests were carried out in the Universidad de 
los Andes’ Human Genetics Laboratory. They were measured by 
a colorimetric method using 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT), according to Mosmann 
(1983). Each test involved Chinese hamster ovary K1 cells (CHO-
K1) exposed to different concentrations of coral powder alone, 
calcium sulphate powder alone and three different samples of 
the composite material.7 The CHO-K1 cells were grown as 
monolayers in Roswell Park Memorial Institute (RPMI) 1640 
medium (Sigma), supplemented with 10% foetal bovine serum 
(FBS), 1% penicillin/streptomycin (Gibco) and 2% glutamine 
(Gibco). All samples tested had been previously left in UV for 10 
minutes to eliminate bacteria from manipulation, according to 
the laboratory standards for cell culture. After UV irradiation, the 

samples were pulverised and then prepared in RPMI medium, as 
follows: 2mg/ml of just coral powder, 2mg/ml of just calcium 
sulphate and 0.05, 0.5 and 2 mg/ml of the 10% 30% and 50% 
coral powder and calcium sulphate mixture, respectively. 3x105 

cells per sample were grown in 96-sample flat-bottomed plates, 
with four replicate samples per treatment. The fifth test of each 
treatment corresponded to a blank reference, consisting of just 
100 µl culture medium.  Cells were examined after 24 hours 
incubation and treated. The first sample corresponded to the 
reference control, consisting of 100 µl culture medium, and the 
remaining samples contained 100 µl of medium having a known 
concentration. The plate was then incubated at 37ºC in a hu-
midified 5% CO2 atmosphere for 72 hours. After this, MTT (5 
mg/ml) was added to each sample. Cells were incubated for a 4 
further hours. Afterwards, dimethyl sulfoxide was added to dis-
solve formazan crystals. Each sample was analysed on a Bio-Rad 
micro plate reader at 595 nm after 5 minutes’ shaking using a 
655 nm reference wavelength.  The results were expressed as 
the percentage of living cells calculated from detected absorb-
ance, assuming 100% as the absorbance reported by the refer-
ence control sample. The chronic cytotoxicity test was repeated 
twice and a two-sample t-test was performed to test differences 
between experiments, along with a Pearson’s statistical correla-
tion test to look for correlation between cell viability and the 
different concentrations used. 

Results  

Characterising the coral powder so produced  

As the three different types of powder obtained had statistically 
equivalent analysed properties, they could be grouped into three 
categories, regardless of the sample they came from. Table 3 
describes the average obtained as statistical results for these 
groups. 

Table 3. Average values obtained for each response variable as ob-
served in Types 1, 2 and 3 powders. 

 

 

 

 

 

As can be seen, each type of powder differed considerably re-
garding size (s) but not shape, as all shape factor (sf) results were 
fairly similar. On the other hand, the weight proportion (w) rep-
resented by each type showed that Type 2 powder was more 
abundant than the other two types within each sample.  

Structural properties  

The samples’ structural properties were inspected using optical 
and electronic microscopes to examine the way in which coral 
particles became agglutinated with the [calcium sulphate + wa-
ter] compound.  Structural imperfections such as pores, impuri-
ties or particular defects were also examined. The different sam-
ples showed a high level of agglutination between the different 
substances forming the composite material. Coral powder was 

6 Type 1 coral powder was not used to build the composite material as its small size could have potentially affected its biocompatibility. 
7 These included the three different levels of amount of coral added regarding the amount of calcium sulphate, regardless of coral powder type. 

Control factor Units Level 1 Level 2 Level 3 

Amount of coral powder 
used regarding CS 

% 10 30 50 

Amount of Type 2 coral 
powder used regarding 

Type 3 
% 0 50 100 

Variable Unit 
Type 1 
powder  

Type 2 
powder 

Type 3 
powder 

Size (s) Μm 211.87 474.56 936.56 

Shape factor 
(sf) 

None 0.51 0.49 0.48 

Percentage 
weight (w) 

% 28.36 34.50 20.83 
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effectively surrounded by the [calcium sulphate + water] com-
pound, thereby preserving the composite’s integrity (see Figures 
4 and 5). However, samples were shown to have a large amount 
of pores throughout their structure, mainly due to calcium sul-
phate becoming solidified inside the different moulds used for 
constructing specimens. 

 

 

Figure 4. Agglutination of 
coral powder and the 
[calcium sulphate + water] 
compound inside a com-
posite material sample 
(18X)  

 

 

 
Figure 5. Agglutination of 
coral powder and the 
[calcium sulphate + water] 
compound in a composite 
material sample (100X)  

 

 

Mechanical properties  

Average values for each sample’s mechanical properties were 
recorded (see Figures 6 through 11), samples being tested in 
their dry form.8 ANOVA test results showed that variations in 
apparent porosity (Pa), compressive strength (Sc) and flexural 
strength (Sf) values could be explained due to variations in the 
amount of coral powder used in relation to calcium sulphate in 
each sample, given that their corresponding p-value was below 
the 5% reference level. Other properties’ variations proved not 
to be caused by any of the treatments analysed here, as the dif-
ference between the averages in each sample did not prove 
statistically different. 
 

Figure 6.Results for average Shore D hardness (H) tested in every sam-
ple (the following Figures include standard deviation) 

 

Figure 7. Results for average apparent porosity (Pa) tested in every sam-

ple. 

Figure 8. Results for average compressive strength (Sc) tested in every 
sample 

Figure 9. Results for average compressive modulus (Mc) tested in every 
sample 

Figure 10. Results for average flexural strength (Sf) tested in every sam-
ple 
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Figure 11. Results for average flexural modulus (Mf) tested in every 
sample 

Cytotoxic properties  

After 72-hour exposure to pure coral powder (2 mg/ml), CHO-
K1 cells exhibited a dose-dependent increase in viability (see 
Figure 12). Pearson’s correlation value suggested that the in-
crease in pure coral powder concentration was significantly cor-
related with increased cell viability. Exposure to pure calcium 
sulphate powder produced a decrease in dose-dependent viabil-
ity, as an increase in calcium sulphate concentration was signifi-
cantly correlated with decreased cell viability, according to the 
corresponding Pearson’s correlation value. The lethal concentra-
tion at which 50% of the cells died (LC50) was around 1.3 mg /
ml. Images according to these results are shown in Figures 13 to 
14 compared to the control in Figure 15. 

Figure 12. Coral powder and calcium sulphate effect on CHO-K1 cell 
viability after 72-hour exposure. Pearson’s correlation value: r=1.00 
and r=-1.00 (p<0.01), respectively.  

 

 

Figure 13: Coral powder 
cytotoxic test image after 
72-hour CHO-K1 cell 
exposure (coral concen-
tration: 2 mg/ml). a = 
cells 

 

 

 

 

 

Figure 14. Calcium 
sulphate cytotoxic test 
image after 72-hour 
CHO-K1 cell exposure 
(calcium sulphate con-
centration: 2 mg/ml) 

 

 

 

 

 

Figure 15. Cytotoxic test 
reference control sam-
ple, consisting of 100 µl 
culture medium. A = 
cells. 

 

 

It can be observed how coral powder represented no danger for 
cell viability at 2 mg/ml concentration whereas a 2 mg/ml cal-
cium sulphate concentration was harmful for living cells (Figure 
12). Only about 20% of them were able to survive in these con-
ditions.  

Figure 16. Different samples of composite materials’ effect on CHO-K1 
cell viability after 72-hour exposure. Pearson’s correlation value: r=-
0.949, -0.912, and -0.901 (p>0.05) 
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Cell exposure to the three composite material samples did not 
have significant correlation with cell viability (see Figure 16). 
LC50 levels were found to be 0.5 mg/ml for the 10% coral pow-
der sample and 0.35 mg/ml for the 30% and 50% coral powder 
samples. Images of these results (0.5 mg/ml composite material 
concentration) are shown in Figures 17 to 19. 

 

 

Figure 17. Cytotoxic test 
image for 10% coral 
composite material after 
72-hour CHO-K1 cell 
exposure (material 
concentration: 0.5 mg/
ml). a = cells. 

 

 

 

 

Figure 18. Cytotoxic test 
image for 30% coral 
composite material after 
72-hour CHO-K1 cell 
exposure (material 
concentration: 0.5 mg/
ml). a = cells  

 

 
 

Figure 19. Cytotoxic test 
image for 50% coral 
composite material after 
72-hour CHO-K1 cell 
exposure (material 
concentration: 0.5 mg/
ml). a = cells 

 

 

The results showed that a 0.5 mg/ml concentration of composite 
material was only suitable when using a 10% coral powder sam-
ple (Figure 17). Higher coral powder percentage within the com-
posite material resulted in decreased cell viability at 0.5 mg/ml 
concentration, as seen in Figures 18 and 19. 

Conclusions 

A coral powder-based composite material was produced by a 
reproducible process involving a minimum level of material 
waste. Its structure was analysed and tests were made for its 
apparent porosity (Pa), Shore D hardness (H), compressive 
strength (Sc) and modulus (Mc), flexural strength (Sf) and modulus 
(Mf) and cytotoxic levels. The results showed how the properties 
tested varied with a greater amount of coral powder being incor-
porated within the compound (regardless of the type of powder 
present). As this factor increased, the compound's compressive 

and flexural properties decreased, while its apparent porosity 
showed a slight increase and Shore D hardness remained stable. 
Such   result has also been seen in similar studies regarding the 
testing of coralline + calcium sulphate materials for future im-
plant purposes (Khavari F. et al.,  1993).  

Compared to previously developed bone-implant compounds 
(Peñaloza, 2007; Salazar, 2009) and with lyophilised cortical 
bone, the compound had appropriate values for most of the 
properties tested (see Table 4).9 However, efforts should be 
made to improve its compressive strength results.  

Future studies should focus on testing this material when ex-
posed to human cells, as well as determining whether its me-
chanical properties change during exposure to living cells for a 
determined amount of time (i.e. the specimen’s lifetime value).  
For the moment, the composite can be used in up to 0.5 mg/mL 
concentrations without affecting cell viability. This type of mate-
rial’s level of machinability could be tested to determine whether 
it can be developed in different forms for replacing different 
kinds and shapes of diseased human bone.    

Table 4. Comparative values for flexural properties, compressive proper-
ties and Shore D hardness tested in previously developed compounds 
and cortical bone 

Nomenclature 

p: Depth of cut (mm) 
f: Feed rate (mm/min)  
r: Cutting tool nose radius (mm) 
α: Rake angle (°) 
β: Clearance angle (°)  
v: Cutting speed (m/s) 
d: Cutting tool diameter (mm) 
s: particle size (µm) 
sf: particle shape factor (µm/µm) 
w: percentage weight (%) 
H: Shore D hardness (Shore D) 
Pa: Apparent porosity (%) 
Sc: Compressive strength (MPa) 
Mc: Compressive modulus (GPa) 
Sf: Flexural strength (MPa) 
Mf: Flexural modulus (GPa) 
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