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With the global rise in aging of populations, the occurrence of osteoporosis will continue to increase. 
Biomaterial and pharmaceutical scientists continue to develop innovative strategies and materials to address 
this disease. In this article, we describe a new perspective and approach into the use of coral exoskeletons 
as a precursor material to synthesize a calcium phosphate-based drug delivery system. Studies detailing the 
methodology of the conversion methods and the strategies and approach for the development of these novel 
drug delivery systems are described. Furthermore, in vivo studies in osteoporotic mice using a drug loaded 
and chemically modified version of the biomimetic delivery system showed significant cortical and cancellous 
bone increases. These studies support the notion and the rationale for future research and development of the 
use of coral exoskeletons as materials for drug delivery applications.
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1. INTRODUCTION

The global population is entering an era of increased 
longevity owing to improvements and advancements in 
healthcare technologies. This will significantly increase the 
aging population which will in effect add to the already over-
stretched healthcare costs associated with care of the elderly. 
Furthermore, society as a whole expects continued biomedical 
breakthroughs as scientific innovation continues to advance. 
Part of the aging process is the increase in the number of ail-
ments an individual faces. Amongst these, bone fractures as a 
result of breakage or from a disease like osteoporosis is one of 
many challenges that can significantly impact a patient’s life 
as well as increase socioeconomic costs. This has continued 
to inspire biomaterials scientists to develop innovative and 
novel materials for fulfilling these ongoing demands. The 
last decade has witnessed the rise and advancement of the 
multidisciplinary field of tissue engineering and regenerative 
medicine and many exciting innovations have been presented. 
The increase in therapeutic efficacy of pharmaceutics has pro-
vided patients with more potent treatment and therapies. How-
ever, the treatment of osteoporosis requires a continued and 
prolonged therapy that needs an alternative perspective and 
system to current oral tablet intake and/or direct injections. 
The development and application of controlled drug delivery 
system is not new and many of these systems are able to treat 
diseases that require long-term release of pharmaceuticals. 
Depending on the application, the key-defining factor that 
impacts the success of a drug delivery system is dependent on 

the selection of the scaffold material and the pharmaceutics 
that are incorporated or loaded into the material. Many of 
these materials are developed based on synthetic production 
and optimization over time, and their effectiveness is still 
quite limited. This has led to the development of a new field 
in biomimetics, where scientists turn to nature for inspiration 
and as a source of new material. For biomaterial scientists, 
this new source of undiscovered and innovative material is 
found in the marine environment. Coral exoskeletons, which 
are composed of intricate and unique architectures made up 
of chambers of interconnected pores, provide the ideal carrier 
material for drug delivery. The complexity of these porous 
structures and networks is beyond what can be synthetically 
produced or replicated. The uniformity of these pores will 
allow a more predictable drug loading and subsequent release. 
Furthermore, these exoskeletons possess macro, micro and 
nano-pores that allow different diffusion rates for pharma-
ceutics.1) This article will discuss the potential application of 
using coral exoskeletons as a novel material for the develop-
ment of future drug delivery systems.

2. CORAL EXOSKELETONS TO CALCIUM PHOS-
PHATE

The marine environment has been an attractive source of 
material for many biomedical and pharmaceutical applications 
owing to the vast diversity in macro-organisms. Similarly, 
the diversity of coral species is equally complex and requires 
continued research into categorizing the structures of these 
species. The structures of each coral species remain relatively 
similar but can sometimes be distinguished in response to 
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their local environment. Our group has identified the spe-
cies foraminifera, which can be found in many parts of the 
world, to possess an ideal structure as a carrier material for 
drugs. Foraminifera are distinguished from other species by 
its unique interconnected porous network, as previously dis-
cussed, and the naturally spherical structure of the material.1) 
Macrospheres are particularly interesting with added potential 
as they have a higher surface area and can conform better to 
irregular sites. Foraminifera exoskeletons are generally found 
as fossilized calcium carbonate in the form or aragonite or 
calcite. They can then be hydrothermally converted by chemi-
cal replacement of the carbonate with phosphate to derivatives 
of calcium phosphates depending on the Ca/P ratio, which can 
be controlled.   
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For a fast-acting drug delivery system, the material might 
not require conversion as calcium carbonate degrades faster 
than calcium phosphates and may be appropriate for the in-
tended purpose. For long-term drug release systems, a more 
stable form of calcium phosphate like tricalcium phosphate 
(Ca/p=1.5) is more ideal. Roy and Linnehan2) were the first to 
present this conversion method when they converted coral to 
hydroxyapatite. Since then, the process has been refined but 
generally involves placing the exoskeleton in phosphatic solu-
tion under 15000 psi for 24–48 h at 220–250°C. This conver-
sion strategy allows for the preservation of the structure of the 
original material while transforming the chemical structure.   

3. DEVELOPMENT OF BIOMIMETIC DRUG DELIV-
ERY SYSTEMS

To stimulate the bone formation and regeneration process, 
many bioactive agents are available for loading into carrier 
materials. These can include various types of bone morpho-
genetic proteins (BMPs), growth factors and pharmaceutical 
drugs. In previous studies, it was shown that an antibiotic 
(gentamicin sulfate),3) bisphosphonate (pamidronate),4) and 
simvastatin5) could be loaded into beta-tricalcium phosphate 
(β-TCP) derived from foraminifera. The most common strat-
egy is by direct adsorption of the drug compound in concen-
trated solution over a period of time. The loading efficiency 
is dependent on the type of drug, but from previous studies 
the antibiotic gentamicin and the bone-stimulating drugs 
bisphosphonate and simvastatin have yielded 70%, 95% and 
80% loading, respectively.3–5) Osteoporotic treatment would 

require a more prolonged therapy and as such the coating of 
the material would “slow” the release of the drugs and allow 
for a longer therapeutic release. Another common strategy 
for producing more bioactive materials is by the modification 
of key ions in the chemical composition of the material. Ad-
ditional ions such as strontium, magnesium and zinc can be 
incorporated into the lattice structure to further control the 
degradation of the material.

4. EFFECT ON BONE REPAIR FROM SIMVASTATIN 
LOADED DRUG DELIVERY SYSTEM

The therapeutic efficacy of a β-TCP carrier material was 
examined by loading the material with simvastatin, a known 
stimulant for bone formation, and comparing the effect of the 
system with and without an added apatite coating by implant-
ing the device into the soft tissue in osteoporotic mice.6) The 
results showed that both systems were able to achieve sig-

Fig. 1. Scanning Electron Micrographs at (a) Low Magnification (50×) Showing the Spherical Structure of the Coral Exoskeleton and the Pore Dis-
tribution throughout the Surface; (b) High Magnification (5000×) Image Showing the Uniformity of the Pores Averaging ca. 5 µm

Fig. 2. A Schematic Diagram of the Different Strategies Aimed at De-
veloping Drug Delivery Systems Based on Coral Exoskeletons
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nificant localized cortical and cancellous bone growth over a 
6-week period. However, the presence of the additional apatite 
coating was able to induce significantly stronger bone growth 
compared with no coating. This was attributed to the effect 
of delayed release of simvastatin. Furthermore, a compari-
son with direct injection of simvastatin showed adverse side 
effects of muscle inflammation at the site of injection com-
pared with normal muscle function for the delivery system.7) 
This study provides a demonstration of the healing abilities of 
the different drug release strategies available.

5. BONE REPAIR BY SYNTHETIC MODIFICATION 
OF KEY IONS

Apart from the unique structural characteristics of coral 
exoskeletons, their chemical composition is also of significant 
interest. As part of the natural growth of corals in the marine 
environment, key ions are required and absorbed to become 
part of the structure. These include trace elements consisting 
of strontium and magnesium.8) Interestingly enough, both of 
these elements have been shown to be beneficial in the stimu-
lation of bone regeneration and formation by inducing osteo-
blast proliferation while inhibiting osteoclast resorption.9,10) In 
vitro cell culture assays exposing a human osteoblast cell line 
(MG63) and monocytes (U937) to the β-TCP samples confirm 
these properties. In essence, this indicates these key ions will 
be released as part of the natural degradation of the material. 
Furthermore, amongst the key ions involved in bone remodel-
ing, zinc is also an important element that is required in cell 
regulation and zinc deficiency has been shown to be linked 
to osteoporosis. Zinc is also biologically active in osteoblasts 
and osteoclasts, similar to strontium.11) This has motivated 
the syntheses of zinc-tricalcium phosphates (Zn-TCP), which 
in appropriate concentration and dosage, have been shown to 
have a stimulatory effect in the treatment of osteoporosis.12–14) 

Traditionally, the synthesis of Zn-TCP requires high tempera-
ture sintering at around 800°C. By employing an additional 
hydrothermal treatment after the conversion of the β-TCP, 
Zn-TCP can be synthesized at relatively lower temperature 
(220°C). Recent studies have shown that the biomimetic Zn-
TCP possesses therapeutic potential in bone repair in an os-
teoporotic mice model. In the span of 4 weeks the percentage 
increase in cortical bone was significantly different and in par 
with normal healthy mice. For the treatment of osteoporosis, 
the ability to stimulate cancellous bone is crucial as the lack 
of cancellous bone causes lower mechanical strength of the 
bone leading to susceptibility to breakage. The study showed 
that the control groups, with the exception of the normal 
healthy mice, all displayed negative cancellous bone growth 
while Zn-TCP exhibited a significant cancellous bone growth 
percentage of 20%. Furthermore, a comparative study was 
conducted to examine the effect of the Zn-TCP drug delivery 
system with direct injection of zInc. The results showed that 
direct injection, due to a high-localized concentration of zinc, 
led to severe muscle deterioration and eventually led to the 
unfortunate death of the animals. However, the mice in the 
Zn-TCP group showed no signs of any side effects and its 
effect on bone repair was evident. These results support the 
need for continued study into the development of biomimetic 
drug delivery systems.   

6. CONCLUSION AND FUTURE PROSPECTIVE

This article summarizes the potential application of coral 
exoskeletons as a precursor material for the synthesis of calci-
um phosphate drug delivery systems. While past studies have 
been limited to the area of bone tissue engineering, it is envis-
aged that future developments will be expanded to other bio-
medical applications where appropriate. The studies described 
here have shown potential therapeutic benefits with this type 

Fig. 3. The Therapeutic Effect of Zn-TCP on (a) Cortical and (b) Cancellous Bone Formation over 4 Weeks Showing Significant Bone Growth 
Matching or Surpassing Those of Normal Healthy Mice

Adverse muscle deterioration by (c) direct injection of zinc is obvious compared with the use of (d) Zn-TCP drug delivery system.
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of system, and further research, optimization and develop-
ment are still required before they can be clinically applied. 
However, it is exciting to know that such a small exoskeleton 
holds so much potential, and with such a vast ocean it is safe 
to believe that many more biomedically relevant materials and 
structures exist and are awaiting discovery by scientists.

Acknowledgements The authors acknowledge the support 
from the Japan Society for the Promotion of Science (JSPS) 
and the University of Technology Sydney.

REFERENCES

 1) Chou J, Ben-Nissan B, Choi AH, Wuhrer R, Green DW. Conversion 
of coral sand to calcium phosphate for biomedical application. J 
Aust. Ceram. Soc., 43, 44–48 (2007).

 2) Roy DM, Linnehan SK. Hydroxyapatite formed from coral skeletal 
carbonate by hydrothermal exchange. Nature, 247, 220–222 (1974).

 3) Chou J, Valenzuela SM, Milthorpe B, Ben-Nissan B. An evaluation 
of the antibiotic delivery potential of Foraminifera derived β-TCP 
macrospheres for orthopaedic applications. Nanomedicine (2013), 
under review.

 4) Chou J, Ben-Nissan B, Green DW, Valenzuela SM, Kohan L. 
Targeting and dissolution characteristics of bone forming and anti-
bacterial drugs by harnessing the structure of micro-spherical shells 
from coral beach sand. Adv. Eng. Mater., 13, 93–99 (2010).

 5) Chou J, Ito T, Bishop D, Otsuka M, Ben-Nissan B, Milthorpe B. 
Controlled release of simvastatin from biomimetic β-TCP drug de-
livery system. PLoS ONE, 8, e54676 (2013).

 6) Chou J, Ito T, Otsuka M, Ben-Nissan B, Milthorpe B. The effective-
ness of the controlled release of simvastatin from β-TCP macro-

spheres in the treatment of OVX mice. J. Tissue Eng. Regen. Med., 
doi: 10.1002/term.1784 (2013).

 7) Chou J, Ito T, Otsuka M, Ben-Nissan B, Milthorpe B. Simvastatin 
loaded β-TCP drug delivery system induces bone formation and 
prevents rhabdomyolysis in OVX mice. Adv. Healthcare Mater., 2, 
678–681 (2012).

 8) Chou J, Valenzuela SM, Bishop D, Ben-Nissan B, Milthorpe B. 
Strontium- and magnesium-enriched biomimetic beta-TCP macro-
spheres with potential for bone tissue morphogenesis. J. Tissue Eng. 
Regen. Med., n/a (2012).

 9) Bonnelye E, Chabadel A, Saltel F, Jurdic P. Dual effect of strontium 
ranelate: Stimulation of osteoblast differentiation and inhibition 
of osteoclast formation and resorption in vitro. Bone, 42, 129–138 
(2008).

10) LeGeros RZ. Apatites in biological systems. Prog. Cryst. Growth 
Charact. Mater., 4, 1–45 (1981).

11) Kishi S, Yamaguchi M. Inhibitory effect of zinc compounds on 
osteoclast-like cell formation in mouse marrow cultures. Biochem. 
Pharmacol., 48, 1225–1230 (1994).

12) Kawamura H, Ito A, Miyakawa S, Layrolle P, Ojima K, Ichinose N, 
Tateishi, T. Stimulatory effect of zinc-releasing calcium phosphate 
implant on bone formation in rabbit femur. J. Biomed. Mater. Res., 
50, 184–190 (2000).

13) Otsuka M, Ohshita Y, Marunaka S, Matsuda Y, Ito A, Ichinose N, 
Otsuka K, Higuchi WI. Effect of controlled zinc release on bone 
mineral density from injectable Zn-containing β-tricalcium phos-
phate suspension in zinc-deficient diseased rats. J. Biomed. Mater. 
Res. A, 69, 552–560 (2004).

14) Otsuka M, Marunaka S, Matsuda Y, Ito A, Naito H, Ichinose N, 
Kokubo T, Nakamura T, Higuchi WI. Effect of particle size on zinc 
release from zinc containing tricalcium phosphate (ZnTCP) in Zn-
deficient osteoporosis rats. Biomed. Mater. Eng., 3, 103–113 (2003).

http://dx.doi.org/10.1038/247220a0
http://dx.doi.org/10.1038/247220a0
http://dx.doi.org/10.1002/adem.201000208
http://dx.doi.org/10.1002/adem.201000208
http://dx.doi.org/10.1002/adem.201000208
http://dx.doi.org/10.1002/adem.201000208
http://dx.doi.org/10.1371/journal.pone.0054676
http://dx.doi.org/10.1371/journal.pone.0054676
http://dx.doi.org/10.1371/journal.pone.0054676
http://dx.doi.org/10.1002/term.1784
http://dx.doi.org/10.1002/term.1784
http://dx.doi.org/10.1002/term.1784
http://dx.doi.org/10.1002/term.1784
http://dx.doi.org/10.1002/term.1576
http://dx.doi.org/10.1002/term.1576
http://dx.doi.org/10.1002/term.1576
http://dx.doi.org/10.1002/term.1576
http://dx.doi.org/10.1016/j.bone.2007.08.043
http://dx.doi.org/10.1016/j.bone.2007.08.043
http://dx.doi.org/10.1016/j.bone.2007.08.043
http://dx.doi.org/10.1016/j.bone.2007.08.043
http://dx.doi.org/10.1016/0146-3535(81)90046-0
http://dx.doi.org/10.1016/0146-3535(81)90046-0
http://dx.doi.org/10.1016/0006-2952(94)90160-0
http://dx.doi.org/10.1016/0006-2952(94)90160-0
http://dx.doi.org/10.1016/0006-2952(94)90160-0
http://dx.doi.org/10.1002/(SICI)1097-4636(200005)50:2%3C184::AID-JBM13%3E3.0.CO;2-3
http://dx.doi.org/10.1002/(SICI)1097-4636(200005)50:2%3C184::AID-JBM13%3E3.0.CO;2-3
http://dx.doi.org/10.1002/(SICI)1097-4636(200005)50:2%3C184::AID-JBM13%3E3.0.CO;2-3
http://dx.doi.org/10.1002/(SICI)1097-4636(200005)50:2%3C184::AID-JBM13%3E3.0.CO;2-3
http://dx.doi.org/10.1002/jbm.a.30040
http://dx.doi.org/10.1002/jbm.a.30040
http://dx.doi.org/10.1002/jbm.a.30040
http://dx.doi.org/10.1002/jbm.a.30040
http://dx.doi.org/10.1002/jbm.a.30040

