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Abstract

The Hydrozoan Millepora Dichotoma (MD) is a typical Red Sea species containing a porous skeleton in the
form of aragonite crystalline calcium carbonate. Due to environmental considerations, the artificial production
of coralline species under controlled conditions is pertinent and underway. Artificially grown MD was used as a
raw material for the production of calcium phosphate, mainly hydroxyapatite bioceramics, to be used in the drug
delivery systems as a drug carrier or in the tissue engineering such as bone graft. DTA-TGA, XRD, FT-IR,
Raman, and SEM analysis were carried out to analyze both unconverted and converted artificial corals.
Hydrothermally converted coral fine powders were loaded with Gentamicin (Gm) antibiotic, and the drug
loaded particles were analyzed by SEM. Unconverted coral was mainly aragonite, while hydrothermally treated
coral was completely converted to hydroxyapatite. Hydrothermally treated coral was showing agglomerated
nodules up to 1 um size consisting of nano-crystalline hydroxyapatite platelets in the size range of less than 100
nm. The general macropore size of the coral was found to be appropriate for osteoid growth, which is 100 to 600
pum range. These artificially grown corals can be easily produced and used for bone growth and repair and other

biomedical applications.
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1. Introduction
Bone tissue engineering is the area that includes bone replacement due to bone tumors, maxillofacial, dental,

and orthopedic clinical applications. Trauma, abnormal development, aging, tumors, and disease-related skeletal

failures have been treated by surgical repairs or replacements to improve the quality of life.
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During the last four or five decades, the number of skeletal deficiencies due to various socio-economic reasons
has been steadily increasing. Hence researchers globally have been working to find effective ways for
enhancement of bone formation and replacement via appropriate methods, designs, and biomaterials. Globally,
orthopedic and dental applications reflect nearly 55% of the total biomaterials market. Various biomaterials such
as synthetic and natural, including polymers, ceramics, animal and marine-derived natural ceramics and

composites have been developed as a substitute as implants or restore bone tissues [1-4].

One of the most appropriate materials for bone graft and implant applications is hydroxyapatite (HA), which is a
calcium phosphate bioceramic. HA is due to its crystalline structure and chemical composition, which is similar
to human bone. HA [Caio (PO4)s(OH)2] has been reported as a bone substitute material in various clinical and
therapeutic applications [5,6].

The use of porous HA has increased commercially during the last 30 years in clinical applications due to several
factors, which include porosity, available amount, size and interconnectivity crystalline structure, mechanical
integrity, slow biodegradability, which matches with tissue growth after implantation, and good
biocompatibility with both soft and hard tissues. It also provides good osteoconductivity and bioactivity that
supports cellular adhesion, proliferation, and differentiation of the mesenchymal stem cells (MSCs) and other

cell types [7,8].

Recently, a number of biomimetic synthesis methods have been introduced from the natural sources for the
synthesis of HA. These natural materials include marine structures such as coral, seashells, mussels, and algae,

which have been investigated by many groups for biomedical applications [9,10].

In comparison to synthetic ceramic materials, natural coral structures have been relatively more successful
for bone graft applications because of their unique interconnected porous structures and architecture that
allow vascularization. As stated earlier, the porosity range, which is between 100 to 500 um, is similar to

the morphology of human cancellous bone [11].

The pore sizes and their interconnectivity are two of the most important factors for hard tissue growth. It
has been shown that its unique and uniform network system of channels can provide appropriate bone

regeneration and repair in clinical applications [5,12].

In addition to the improvement of hard tissue growth, the porous structure of the coral can be used for
various drug delivery systems such as antibiotics, bone regeneration drugs, or various minerals in order to
control release through the system [13,14]. However, the natural form of coral, whose chemical
composition is calcium carbonate (CaCOs), is unsuitable for long-term implantation systems, specifically

for long bone applications because its dissolution rate is higher than other required bone growth rates [1].

In order to improve the biomaterial properties, the porous calcium carbonate exoskeleton structure of marine
invertebrates can be replaced with phosphatic material by various types of conversion methods. Hydrothermal
and other methods may be used to convert calcium carbonate to hydroxyapatite. The reason for the conversion
is that HA is harder than any form of CaCOg, either aragonite or calcite. Most importantly, HA has much slower
dissolution rates dependent on the particle sizes used [4]. Marine invertebrates derived HA bioceramics can be

used as a drug carrier for the slow and controlled drug delivery systems due to its slower dissolution rate.
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Therefore, Karacan et al. (2019) reported that coral derived HA was used as an antibiotic carrier in

biodegradable poly-lactic acid thin film implant coating to inhibit surgery-related infections [15].

The conversion method required, such as chemical, hydrothermal or mechanochemical, is determined by the
type of the coral species used, solid piece or powder or granulated form required, and also the type of the
calcium phosphate composition, which determines the solubility rate within the physiological environment [4].
During the hydrothermal process, the marine structure is converted to hydroxyapatite or tricalcium phosphate in
the presence of phosphate under high pressure and temperature. While the calcium carbonate is supplied from
either synthetic materials or natural animal or marine sources (such as coral and shells), the phosphate is
supplied from di-ammonium hydrogen phosphate [9,16,4]. Recently it was reported that Halimeda spp.
Calcified algae whose skeleton has calcium carbonate skeleton can be converted to HA by the same method
[17].

Marine structure conversion by hydrothermal or chemical methods has been reported by various groups. In
Australia, Ben-Nissan and his co-workers [9,1,10,18] reported that Porites and other corals and marine shells

were converted to HA successfully via the hydrothermal conversion method for medical usage.

Although the marine-based sources, especially corals, are highly attractive materials for the medical
applications, possible future high demand for commercial use can cause a negative effect on marine life and the
environment if the alive coral is sacrificed. Hence artificial ponds, containers, and laboratory-based systems
have been developed under controlled specific conditions for artificial coral growth [19]. Abramovitch-Gottlib
et al. (2002) reported that the high-resolution computerized tank system was developed to grow colonies of
coral Stylophora Pistillata and the hydrocoral Millepora Dichotoma [19]. These artificial systems can provide a

30 cm per year growth rate of the artificial coral [19,20].

The MD, which is a Red Sea coral, is a species of hydrozoan, a coral comprised of polyps and also one of the
main contributors to skeletal calcium carbonate in reefs. The species is found predominately in the Indo-Pacific
region, but its occurrence has been from a plethora of other regions in the world. This species is most abundant
in habitats with a depth of 15m or less, which is referred to as a shallow reef habitat, so generally inshore areas
and shallow offshore sites [20,21]. This Red Sea coral was artificially grown by Abramovitch-Gottlib et al.
(2002) for this current work [19]. We specifically used MD coral in Beer -Sheva, Israel at the University of Ben-
Gurion for the purpose of proving an important point that corals can be artificially grown under controlled
conditions for bone graft applications and drug delivery systems, without sacrificing the naturally grown corals.
Environmental issues as explained earlier is very real and protection of the natural coral by using this artificially

grown coral has great benefits to the society.

In this study, HA was synthesized with the hydrothermal treatment of artificial MD Red Sea coral in the
presence of di-ammonium hydrogen phosphate. Then, converted hydroxyapatite particles were loaded with
Gentamicin antibiotic (Gm) to be used as drug carriers. The characterization and morphology of this artificially

grown Red Sea coral before and after the conversion are reported.
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2. Experimental
2.1. Preparation and Conversion Process
The MD was grown artificially in the Ben Gurion University of Negev, Israel, by Abramovitch-Gottlib et

al. (2002) and used for characterization prior and after conversion to HA [19].

The samples were cleaned with 2% sodium hypochlorite (bleach, NaClO) solution and ultra-pure water (18
milliQ) by the ultrasonic cleaner (UD80 SH-2L, Ultrasonics Pty. Ltd., Australia).

The cleaned coral skeleton is then crushed with an aluminum oxide ball mill at 46rpm and sieved in a 150 um
sieve before the conversion phase. This prepared powder then was converted to HA in a Parr hydrothermal
reactor (Parr Instrument Company, USA) via a hydrothermal method with a temperature of 160-240 °C and a
pressure of 1-3 MPa from 4 to 24 hours. The conversion time depends on the sample condition, such as powder

or solid pieces, and its shape and size converted.

In this conversion process, based on our previous work, ammonium dihydrogen phosphate dibasic (NH4H2PO0s4,

98%, Sigma Aldrich, Australia (phosphate) is used as a phosphate precursor [22,23,9].
During the hydrothermal process, the reaction involves [16].

10 Ca (CO) 3+ 6((NH) 4)2 (HPO) 4+2H,0 — Caio ((PO) 4)s (OH) 2+ 6(NHa), (CO) 3+4H, (CO)3

2.2. Characterization

Simultaneous thermal analysis (STA) was utilized to analyze the thermal behavior of the cloned artificial Red
Sea coral with which incorporates DTA-TGA (TG-DTA, SDT 2960, TA Instruments, New Castle, DE, US)

The sequence involved a nitrogen gas atmosphere at a flow rate of 150mL/min and a ramping temperature of
10°C/min, from 25°C to 1100°C with air cooling enabled. The alumina crucible is used during the analysis.

The microstructure and morphology of powders were determined by scanning electron microscope — (ZEISS
Supra SSVP (Germany)) (SEM) with an operating voltage of 10 kV. The samples were cleaned by an ultrasonic
cleaner in ethanol, dried, and coated with an approximately 10nm gold-palladium coating to eliminate charging.

Powder X-ray diffraction patterns were collected over the range 20° to 80° 20 in 0.01° intervals using CuK, X-
rays (4 ~ 1.541 A) with Siemens D5000 X-ray Diffractometer (Germany).

Infrared measurements were performed on the powder form of unconverted and converted MD coral with a
Thermo Fisher Scientific Fourier Transform infrared spectrometer (FTIR). Scans were collected over the range
of 400 — 4000 cm,

Raman characterization was carried out within a spectrometer range of 120-2000 cm™ via Raman Spectrometer
(Renishaw in Via Raman Microscope, Gloucestershire, UK) coupled with a Leica DMLB microscope (Wetzlar,
Germany). The Wire 3.4 spectroscopic suite software and 785nm near-infrared diode laser were used, which is
the ideal excitation wavelength for minerals, polymers, and standard material in addition to being a low energy

wavelength reducing the risk of damage to the samples.
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2.3.  Drug Loading Study

Gentamicin sulfate (Gm) (Sigma-Aldrich) was used as an antibiotic to process the drug loading method on the
hydrothermally converted artificially grown MD coral. Gentamicin sulfate was dissolved into the 18 MQ ultra-
pure water (MilliQ, Millipore, and Victoria, Australia). Artificial coral-based HA pieces and particles were
immersed into the Gm solution, then they were placed in the ultrasonic cleaner (UD80 SH-2L, Ultrasonics Pty.
Ltd., Australia) for 5min to allow the Gm solution to penetrate and coat the converted coral pores. Then, the HA
pieces containing Gm solution were placed in the Rotary evaporator (John Morris Scientific, USA) at 60°C, 72

Mbar until and the liquid in the solution was evaporated. The samples than dried in a vacuum desiccator for 16h.

3. Results and Discussions

3.1. Thermal Analysis

The DTA-TGA trials were conducted under a custom sequence stated earlier.

In Fig 1, the DTA/TGA plot shows the thermal behavior of the artificial coral which clearly shows the
conversion of calcium carbonate to calcium oxide and carbon dioxide between 600 and 800°C (770° C), with a

reaction shown below:
CaC0O3—CaO+COa.

The weight change and remaining weight in mg is a reduction of 41.38% (15.02mg) from the reaction
happening to the finish. The diagram in Fig 1 is labeled according to weight loss over-temperature indicating

specific points on the TG curve and reaction temperatures on DTA.
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Fig 1. The DTA-TG diagram of Millepora dichotoma coral skeleton powder before conversion.
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3.2.  X-Ray Diffraction Analysis

XRD patterns of the cloned Red Sea coral skeleton before and after the hydrothermal conversion process are
given in Fig 2. The main phases are aragonite (JCPDS 76-0606), and also a few minor peaks of calcite (JCPDS
05-0586) is observed. The XRD pattern, after the conversion, shows only the phase of HA (JCPDS 9-0432) in
Fig 2-B. This pattern demonstrated high crystallinity and the absence of any free CaCO3z confirming the

completion of the reaction.
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Fig 2. The XRD patterns of Millepora dichotoma Red Sea Coral before (A) and after (B) hydrothermal
conversion process.

3.3.  Fourier-transform infrared spectroscopy Analysis

The FT-IR analysis presents the mineral spectra of both the original coral and after its conversion to HA.
According to the FT-IR spectra of unconverted coral (Fig 3-A), aragonite is a major phase, and calcite is
undetected in the original coral structure. The vs4 in-plane bending mode of the carbonate ion shows the
characteristic doublet of aragonite at 699 cm™ and 712 cm™. The v, out of plane bending mode is seen at 854
cm which is typical of aragonite, while the calcite v, mode at 880 cm™ is absent. The band at 1082 cm™ is
assigned to the v1(4 1) symmetric stretch of the carbonate ion. The v1 mode is infrared active in aragonite due to
the site symmetry, but it is weak to inactive in calcite. The broad asymmetric band at 1455 cm is assigned to
the v; antisymmetric stretch mode of carbonate in aragonite, and there is no peak evident at 1430 cm™ due to the
vs mode in calcite. The weak band at 1785 cm™ is a sum peak (v1 + va).

The FT-IR spectra of the converted coral powder are given in Fig 2-B. The phosphate bands of HA are assigned
as follows: 471 cm™ (v; bend), 561 cm™ and 559 cm™ (v4 bend), 960 cm™* (vi symmetric stretch), 1024 cm™ (vs
antisymmetric stretch). Bands at 873 cm™ and 1452 cm™ correspond to v, and vs modes of carbonate ion
substituted for the phosphate in HA [24]. It is plausible that this substitution creates patches of minute amounts
of carbonate apatite within the bulk HA. Carbonate apatite has been observed in previous hydrothermal

conversions.
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3.4. Raman-Spectroscopy Analysis

According to Raman spectra of the unconverted coral skeleton (Fig 4-A), the most intense carbonate band is the
symmetric stretch mode (v1) at a wavenumber of 1086¢cm-1 which is insensitive to the polymorph. The smaller
peak at 704cm is characteristic of the internal in-plane antisymmetric bend (v4) in aragonite. In contrast, a peak
at 712 cm corresponding to the v4 mode in calcite is absent (see database [25]). External lattice modes of
aragonite are seen at 153 cm* and 206 cm™® but the diagnostic mode in calcite at 281 cm™ is weak.

The Raman spectra of the coral sample after hydrothermal conversion, which is in Fig 4-B, presents the one

strong major peak at 962 cm™ corresponding to symmetric stretching (v1) of the phosphate group. Other

Fig 3. The FT-IR graphs of Millepora Dichotoma coral skeleton before (A) and after (B) hydrothermal
conversion process.
phosphate bands at 432 cm™ (v, symmetric bend), 587 cm™ (v4 bend), and 1046 cm™ (v asymmetric stretch)
indicate that the sample is predominantly HA. The minor carbonate band is observed at a wavenumber of 1072
cmt which is indicative of minor carbonate apatite. As earlier shown in XRD results, no calcite was observed in

fully converted coral.
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Fig 4. The RAMAN spectra of Millepora Dichotoma coral skeleton before (A) and after (B) hydrothermal
Conversion process.
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3.5.  Scanning Electron Microscope Analysis

Scanning electron microscope analysis was carried out on the cloned artificial Millepora Dichotoma coral
skeleton in order to observe the surface morphology and its unique porous architecture in both before and after
the hydrothermal conversion process. In Fig 5 to Fig 7, the surface structure of artificially grown Millepora
Dichotoma is shown at low and high magnifications, which have both large pores and nano and mesopores in

between the large pores and in spine areas.

Fig 5 also shows the differences in the pore sizes from the center to its surface and their interconnectivity.
Additionally, somehow the interconnectivity is different in the center section, and its visual density is much less.
This surprisingly, although not in the same size or density, it replicates the long bone structure in a primitive

way.

Fig 5. The inner structure of the skeleton of Millepora Dichotoma at low magnification, showing the porous

structure in both outer and inner layers.

Fig 6 shows the comparison between the microstructure of the coral samples before (Fig 6-A) and after (Fig 6-
B) conversion. The size of small pores in this section is approximately 40-60 pm, and large pores are around

200-250 um. It shows that conversion has not changed the micro-pores sizes or shapes.

The pore size plays an important role in the structural integrity of bone scaffolds [26]. Cunningham et al. (2010)
indicate a pore size between 40-100 um is ideal for osteoid growth, which fits the pore width of not only the
thin-walled pores but the thick ones also, therefore the resultant pores from the conversion favor osteoid growth.
However, the well-established clinical work shows that for full vascularization, pore sizes of 100 to 500 um

range is required [27].
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Therefore, this converted Red Sea coral after conversion presents a bioceramic material with a broad range of
different pore sizes, each unique providing possibilities for bone growth and repair. On the other hand, the
unconverted coral will not have the stiffness and strength required during bone regrowth due to its high

dissolution rate.

Fig 6. The SEM images of Millepora Dichotoma coral skeletn before (A a after () hydrofherrﬁal
conversion process.
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In Fig 7, the micro and mesostructure of the MD coral exhibit differences in the coral sample before (A) and
after (B) conversion. Fig 7-A represents the microporous structure of the coral as a first image at low
magnification. Therefore, the following images show the spherical- round shape CaCOj; particles, which were
found to be agglomerated around the porous structure at high magnifications. On the other hand, Fig 7-B shows
the microporous structure of the MD coral after conversion in the first image at low magnification. In the
following two figures, after the conversion, coralline HA particles were observed as crystalline HA plate-like
particles in the range of 200-300 nm. The plate-like HA particles are much more evident at higher magnification
images. Although micro pores are not influenced by the conversion, it modifies the nano and mesostructure to

produce a very fine hydroxyapatite structure.

Fig 7. The SEM images of the Millepora Dichotoma coral skeleton before (A) and after (B) conversion at high

and low magnifications showing smaller pores between the HA agglomerated nodules consisting of smaller

plates.
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3.6. Drug Loading Study

After the drug loading, the surface structure of coralline HA pieces was investigated with SEM. It was observed
that Gm antibiotic solution evenly coats the surfaces of HA pieces as shown in Fig 8 at low and high
magnifications. Although meso and nano-size porous on the HA plate-like particles were covered with the Gm

layer, micropores are still observed on the coralline HA.

Fig 8. The surface of the coralline HA piece after Gm drug loading at low (A) and high (B) magnifications.

4. Concluding Remarks

The main aim of this study was to characterize and analyze the artificially grown Red Sea coral grown in
controlled conditions. A high-resolution computerized tank system was developed that was used to grow

colonies of the hydrocoral Millepora Dichotoma [20].

This artificially grown coral was used to produce calcium phosphate-based bioceramic (hydroxyapatite, HA) for
medical applications such as bone graft and drug delivery systems. Due to environmental concerns, this artificial

growth coral alternative was introduced. The growth rates were high as 30 cm per year.

The environmental problems are real and, unfortunately, are introduced by natural disasters or climate change

and, more recently, by human-induced contaminations such as agricultural herbicides.

In addition to preventing the destruction of reef coral, this artificial production of corals provides a very

efficient, standardizable and appropriate alternative for their potential medical use.

In this work, the conversion from artificial coral to HA was successfully carried out by using the hydrothermal

method.

Different types of characterization methods were carried out, which included DTA-TGA, XRD, FT-IR, Raman,
and SEM. Unconverted coral was mainly aragonite, while converted coral was HA with a minor amount of
carbonate apatite. The same trend of conversion and mechanisms were observed in our previous work with
natural Goniopora from the Great Barrier Reef. However, some morphological differences in their structure

were observed due to the different species used.

10
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SEM results show that after the conversion the structure of the Millepora Dichotoma coral has both large and
small pores as micro, nano, and mesopores within their structure. The pore size of the coral was found to be
quite an appropriate size for osteoid growth, which can be utilized in bone graft applications. Additionally,

because of its nano and mesoporous structure, it can also be used for localized slow drug delivery applications.

Finally, the drug loading results show that the Gm drug loading process covers the nano and mesoporous
structure on the HA particles as a uniform coating. Although, interconnected microporous structure on the
coralline HA pieces still remained intact which can assist in the osteointegration after implantation. In addition,
this drug delivery system can be useful for bone graft applications because of its interconnected micro-porous
structure. Most importantly it is envisaged that it can be used as a drug delivery system in order to inhibit

insertion in surgery-related infections via Gentamicin release to the surgical area.

To our knowledge, this is the first paper published on the characterization of this specific coral grown in the
laboratory for medical applications. As a next step, in vitro cell culture studies on artificial MD coral have been
examined and the results will be reported in due time. However, the morphology and the chemical composition
is very similar to the original naturally collected coralline material. It is envisaged that future in vitro and in vivo

studies will prove that point.

This work promotes the artificial cloning of coral species for both environmental reasons and the production of

controlled high purity raw materials for biomedical applications.
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