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Abstract  

In this study, bioactive hydroxyapatite-based bioceramics starting from cuttlefish 

bone powders have been prepared and characterized. In particular, fragmented 

cuttlefish bone was co-sintered with 30 wt% of Bioglass®-45S5 to synthesize 

hydroxyapatite-based powders with enhanced mechanical properties and bioactivity. 

Commercial synthetic hydroxyapatite was treated following the same procedure and 

used as a reference. The structure and composition of the bioceramics formulations 

were characterized using Fourier transform infrared spectroscopy, X-ray diffraction 

and scanning electron microscopy. After the thermal treatment of cuttlefish bone 

powder added with 30% wt. Bioglass®, new phases with compositions of sodium 

calcium phosphate (Na3Ca6(PO4)5), β-tricalcium phosphate (β-TCP, Ca3(PO4)) and 

amorphous silica were detected.  

In vitro cell culture studies were performed by evaluating proliferation, metabolic 

activity and differentiation of human osteoblast-like cells (MG63). 

Scaffolds made with cuttlefish bone powder exhibited increased apatite deposition, 

ALP activity and cell proliferation compared to commercial synthetic hydroxyapatite. 

In addition, the ceramic compositions obtained after the combination with Bioglass® 

further enhanced the metabolic activity of MG63 cell and promoted the formation of a 

well-developed apatite layer after 7 days of incubation in DMEM.  

 

1. Introduction 

Several bioactive ceramics have been proven to be attractive candidates as scaffold 

materials for bone tissue engineering (Stevens, 2008). In particular, among largely 

used bioceramics, calcium phosphates based materials are preferred as bone graft 

materials due to their biocompatibility and chemical similarity to the inorganic matrix 
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of natural bone (Habraken et al., 2016).  Different phases and form of calcium 

phosphates, including hydroxyapatite (HAP), β-tricalcium phosphate (β-TCP), α-

tricalcium phosphate (α-TCP), biphasic calcium phosphate (BCP), and monocalcium 

phosphate monohydrate (MCP) are currently used in the biomedical industry 

depending on the physical properties that are required for the specific application 

(Wang et al. 2014).  

Hydroxyapatite (HAP, Ca10(PO4)6(OH)2) is an ideal phase for applications in human 

body and has been widely studied for restoration of damaged hard tissue due to its 

osteoconductivity, bioactivity and  chemical stability under physiological pH 

(Yoshikawa, 2005)(Zhou & Lee, 2011). However, despite the chemical similarity with 

the mineralized bone of human tissue, the biological properties of synthetic 

hydroxyapatite significantly differ from those of natural bone. In fact, the mineral 

phase of bone has a complex composition that besides calcium phosphate 

comprises carbonate ions, magnesium, sodium, hydrogen phosphate ions and 

several other trace elements (Ivankovic et al., 2010). The biological outcome of 

HAPs is strongly related to their composition and, in particular, the presence of 

various trace elements play a crucial role in the overall physiological functioning and 

in the osseointegration process (Oryan et al., 2014).  

Various natural source materials have been considered for biomedical applications 

(Malafaya et al., 2007), such as collagen (Chattopadhyay et al. 2014) (Cozza et al. 

2016), chitosan (Oliveira et al. 2011), or silk (Motta et al. 2016). Other than for 

polymers,  marine organisms (ex. cuttlefish, corals, jellyfishes, and nacres)(Kim et 

al., 2012)(Silva et al., 2012)(Sewing et al., 2015)(Felicio-Fernandes et al., 2000), and 

marine-derived food-waste (Abdulrahman et al., 2014) (Venkatesan et al., 2015) are 

receiving increasing interest as calcium bio sources because of the possibility to 
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convert their calcium carbonate structures in hydroxyapatite via a hydrothermal 

reaction (Vecchio et al., 2007) (Tkalčec et al., 2014). 

Cuttlefish mantle is a suitable source of collagen (Cozza et al. 2016), the  bone 

(CF_b), being a source of calcium phosphate (Tkalčec et al., 2014). CF_b, that has a 

mineral composition compatible with human bone tissue (Rocha et al., 2005) 

(Ivankovic et al., 2010), is easily available and cheap, being usually a food-waste. 

Previous studies have demonstrated calcium carbonate structure of CF_b can be 

converted into hydroxyapatite by using a hydrothermal transformation (Rocha et al. 

2005) (Tkalčec et al., 2014).  

Hydroxyapatite obtained from natural sources is non-stoichiometric and can 

incorporate other ions, for example CO3
2-, traces of Fe2+, Na+, Mg2+, F- and Cl- 

(Yoshikawa, 2005), resulting therefore more similar to HAP of natural bone than the 

stoichiometrically pure hydroxyapatites (Zhou & Lee,2011), and therefore more 

bioactive (Ivankovic et al., 2010). A limitation of pure hydroxyapatite are the poor 

mechanical properties that have restricted the use to low-loaded applications. In 

order to overcome these disadvantages hydroxyapatite has been combined with 

various ceramic, polymer or metallic reinforcements (Suchanek & Yoshimura, 1998). 

In addition, the conventional calcium phosphate powders are difficult to sinter, 

probably because of their low specific surface area (typical 2–5 m2/g) (Kalita et al., 

2004). For these reasons, synthetic hydroxyapatite is sometimes added with a 

secondary phase as sintering aid to increase densification, such as bioglass 

(Demirkiran et al., 2010) or other sintering additives containing trace amounts of 

calcium oxide (Kalita et al., 2004). Sintering of hydroxyapatite/bioactive glass 

mixtures resulted in bioceramics with improved mechanical and biological properties 

(Lin et al., 1994). The reaction between hydroxyapatite and bioactive glasses 
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depends on time and temperature of the sintering process, but also on glass 

composition, each system therefore requiring in depth independent studies.  

Among bioactive glasses, Bioglass®-45S5 (consisting of 45 wt.% SiO2, 24.5 wt.% 

Na2O, 24.5 wt.% CaO, and 6 wt.% P2O5) has been combined with hydroxyapatite 

either as a sintering aid or second phase (Gerhardt & Boccaccini, 2010). Previous 

studies have shown that Bioglass®-45S5 enhances the bioactivity of HAP and 

generates new ceramic phases, that increase apatite deposition and osteoblast 

proliferation and differentiation in vitro (Demirkiran et al., 2010). 

In the present study, for the first time, calcium phosphate powders are synthesized 

starting from cuttlefish bone powder and at the same time co-sintered with 

Bioglass®-45S5 at 900°C, in order to develop ceramic compositions that present 

enhanced bioactivity, osteoconductivity and improved mechanical properties. The 

structure and composition of the new material were examined using Fourier 

transform infrared spectroscopy, X-ray diffraction and scanning electron microscopy. 

Mechanical properties were evaluated using compression tests. In addition, human 

osteoblast-like cells (MG63) were cultured on these substrates and the cell activity 

and proliferation, after 1, 3 and 7 days cell culture, were investigated using 

PicoGreen® DNA quantification, Alamar Blue® and alkaline phosphate activity 

assays. 

 

2. Materials and Methods 

2.1. Materials 

Synthetic hydroxyapatite powder (  97 wt.%, particle size < 44 µm) with chemical 

composition Ca10(PO4)6OH2 was acquired from Sigma-Aldrich (St. Louis, MO, USA). 

Bioglass®-45S5 powder consisting of 45 wt.% SiO2, 6 wt.% P2O5, 14.5 wt.% Na2O, 
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and 24.5 wt.% CaO was purchased from US Biomaterials Corporation (Alachua, FL, 

USA)  with particle size < 90 µm.  

All the chemicals and reagents used were of analytical grade and without further 

modifications. 

 

2.2. Cuttlefish powder preparation 

Native cuttlefish bones of S. officinalis from the Adriatic Sea were cut in small pieces 

and treated at 300°C for 3 h, to remove the organic component. For the thermal 

treatment only the internal lamellae part of the bone was used, since the aragonite of 

the external shell during the pre-treatment at 300°C could partially transform into 

calcite, which is more difficult to convert into hydroxyapatite (Ivankovic et al., 2010). 

After thermal treatment, bones were ground into a fine powder (particle size < 100 

µm).  

 

2.3. Samples production  

Four different groups of scaffolds were produced, using commercial hydroxyapatite 

powder (sample HAP_st), cuttlefish bone powder (sample CF_p) and their mixtures 

with 30% wt. of Bioglass®45S5 (samples HAP30B and CF30B) 

Briefly, the HAP and cuttlefish bone powders were ball milled with zirconia (Y-TZP) 

for 48h in 250 ml polyethylene bottles containing 0.6 M aqueous solution of 

NH4H2PO4 (Ca/P = 1.67). For the formulation of samples HAP30B and CF30B, prior 

to drying 30% wt. of Bioglass®45S5 powders were added and the mixtures were ball 

milled for another 48 h. All samples were then pressed in a die 6.7 mm diameter, 
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sintered at 900°C for 3 h with a heating rate of 10°C/min, then cooled to room 

temperature at 10°C/min. 

 

2.4 Material characterization 

2.4.1. Fourier transform infrared spectroscopy (FT-IR) 

Fourier transform infrared (FT-IR) spectra of sintered bioceramic mixtures were 

collected using the Spectrum One spectrometer with ATR correction (Perking Elmer, 

Waltham, MA, USA) with Zinc Selenide crystal. Sample spectra were averaged over 

4 scans, ranging from 600 to 3000 cm-1 at a resolution of 4 cm-1. 

 

2.4.2. X-ray diffraction (XRD) analyses 

X-ray diffraction analysis of sintered bioceramic mixtures was performed with a 

Bruker D8 Advance X-ray diffractometer using CuKα radiation. The data were 

recorded over the 2ө range of 20-60° with a 0.04° step size and a dwell time of 1 s.   

2.4.3. Scanning Electron Microscopy with X-ray microanalysis (SEM/EDXS) 

The microstructures of the bioceramic samples after sintering and subsequent cell 

culture studies were investigated using Hitachi S-300N VP-SEM and Supra 40 Zeiss 

scanning electron microscopes operated in high vacuum and secondary electron 

mode. The composition of samples was examined through energy-dispersive X-ray 

spectroscopy (EDXS) (Nova NanoSEM 450, FEI, Hillsboro, OR, USA). 

2.4.4. Compression tests 

The compression tests were performed at a crosshead speed of 1 mm/min with a 

Bose ElectroForce® AT 3300 servo electric material test machine (TA Instruments, 



 
This article is protected by copyright. All rights reserved. 

Eden Prairie, MN, USA) on four samples for each bioceramic composition. Samples 

prepared according to ASTM C773-88 (2006) were cylinders 12 mm high and 6 mm 

diameter. Compressive strength was evaluated as the ratio between the load to 

failure and the samples cross-sectional area  

 

2.5. In vitro biological evaluation 

The  mineralization and more specifically the deposit of apatite on the surfaces of the 

different bioceramics formulations was evaluated with SEM analysis after 7 days 

incubation of samples in Dulbecco’s Modified Eagle’s medium (DMEM) (Euroclone, 

Milan, Italy) without cells [Lee et al., 2011].  

2.5.1. Cell culture  

MG63 cells (human osteosarcoma cells line) were used to assess the in vitro 

biocompatibility of the different bioceramics formulations. Cells were expanded and 

cultured at 37ºC with 5% CO2 in Dulbecco’s Modified Eagle’s medium (DMEM) 

(Euroclone, Milan, Italy) containing 10% fetal bovine serum (Gibco, NY, USA), 

supplemented with 1mM sodium pyruvate, 2 mM L-glutamine, 0.1% antibiotics 

(Gibco, Eggenstein, Germany). Culture medium was changed every 2 days until 

cells confluence, and then cells were detached from the culture plate with 0.1% 

trypsin and re-suspended in the culture medium. Prior to cell seeding, bioceramics 

samples for cell tests were sterilized in 70% ethanol for 3 hours and pre-conditioned 

with DMEM for 2 hours. MG63 cells were finally seeded on the samples individually 

kept in a 96-well polystyrene plate, at a density of 7103 cells per well, and incubated 

under standard culture conditions. 
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2.5.2. Cell morphological characterization by Confocal Laser Scanning 

Microscopy (CLSM) 

After 1, 3 and 7 days of culture, the cells were fixed, permeabilized with 4% 

paraformaldehyde solution in PBS with 0.2% Triton X-100, then labeled with 

Rhodamine phalloidin (Molecular Probes®, Life Technologies, Monza, Italy) for the 

visualization of filamentous actin (F-actin) and 4’,6-Diamidino-2-Phenylindole, 

Dilactate (DAPI, Molecular Probes®) to stain the nuclei. The morphology of the cells 

adhered to the substrate was observed by Nikon A1 confocal laser microscopy 

(Nikon Instruments, Florence, Italy). 

2.5.3. Cell proliferation by DNA quantification   

To evaluate cell proliferation on the bioceramics samples, a PicoGreen® DNA 

quantification assay (Quant-iT PicoGreen® dsDNA Assay, InvitrogenTM, Carlsbad, 

USA) was used. At 1, 3 and 7 days, the culture medium was removed and the 

samples were washed with PBS. Samples were then covered with 300 µL of 0.05% 

Triton-X in PBS, and the supernatants were collected and stored in single vials at -

20°C until analysis. Before analysis, vials were thawed at room temperature, and 

sonicated for 10 seconds with a Hielscher ultrasonic homogenizer (UP400S, 400 

watt-24 kHz, amplitude 50%, from Hielscher Ultrasonics, Teltow, Germany). Extracts 

of 100 µL were subsequently placed in a black 96-well plate, and mixed with 100 µL 

of PicoGreen® working solution, prepared following the manufacturer’s instructions. 

Five independent samples were analyzed for each experimental condition. 

Fluorescence intensity was measured with a Tecan Infinite 200 microplate reader 

(Tecan Group, Männedorf, Switzerland) using excitation wavelength 485 and 

emission wavelength 535 nm. A calibration curve was created using a double-
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stranded DNA standard provided by the kit and was used for the calculation of the 

DNA content. Finally, the approximate number of cells per sample was determined 

from DNA content by the conversion factor of 7.7 pg DNA per cell. 

2.5.4. Cell metabolic activity (AlamarBlue® assay) 

Cells viability after 1, 3 and 7 days of culture was determined with AlamarBlue® Cell 

Viability assay (InvitrogenTM, Carlsbad, USA), that quantifies cellular metabolic 

activity and in turn determines the concentration of viable cells in a given sample. 

AlamarBlue® reagent was added directly to each well 10% of the cell culture medium 

volume. Then, the well plates were incubated at 37°C in a humidified atmosphere 

with 5% CO2 for 2 hours. A volume 100 µL of solution was collected from each well 

and the fluorescence signal was measured with a Tecan Infinite 200 microplate 

reader (Tecan Group, Männedorf, Switzerland) with an excitation wavelength of 560 

nm and an emission wavelength of 590 nm. Five replicated were considered for each 

experimental condition.  

2.5.5. Alkaline phosphatase activity 

The functional activity of the proliferated cells was determined with a Alkaline 

Phosphatase Fluorometric Assay Kit (Abcam, Cambridge, UK). At 1, 3 and 7 days of 

culture, the scaffolds were washed with PBS, and incubated with 300 µL of cell lysis 

buffer containing 0.2% Triton X-100 for 30 min. Then, the supernatants were 

collected and stored at -20°C. Samples were thawed before the analysis to room 

temperature and the ALP test was run following the manufacturer’s instructions. 

Fluorescence intensity was measured with a Tecan Infinite 200 microplate reader 

(Tecan Group, Männedorf, Switzerland) using excitation wavelength of 360 nm and 

emission wavelength of 440 nm. Five samples were analyzed for each experimental 
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condition. The ALP activity was calculated from a standard curve, which was 

generated using the reagents provided with the commercial kit. 

2.6. Statistics 

The in vitro MG63 cell proliferation and differentiation tests were performed on five 

replicates for each group of bioceramic compositions. All quantitative data were 

expressed as mean   standard deviation (SD). Statistical analyses were performed 

using GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA). The quantitative 

mechanical and biological results were compared using a one-way analysis of 

variance (ANOVA); Tukey’s HSD (honest significant difference) post hoc test was 

applied to determine specific differences among groups after testing for homogeneity 

of variances. Unless otherwise specified, a significance level of 95% with a p value 

of 0.05 was used in all statistical tests performed. Equality of variances was verified 

before applying the tests.  

 

3. Results 

3.1. Physical and chemical characterization 

A scanning electron micrograph of the inner structure of the cuttlefish bone is 

reported in Fig. 1a. Cuttlefish bone presented a unique microstructure characterized 

by layered regular sheets, with lamellar spacing ranging from 100 to 300 µm. Pieces 

of about 1 x 1 x 2 cm3 were cut from the internal bone matrix, treated at 300°C to 

remove the organic component, and mechanically fragmented. The powder obtained 

after the ball milling of the cuttlefish bone consisted of flake-like particles, with 

irregular shape and size ranging from 10 to 20 µm (Fig. 1b). The EDXS spectrum 

http://www.sciencedirect.com/science/article/pii/S0008622309004989#fig2
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and XRD analysis of the cuttlefish bone powder (Fig. 1c and Fig. 1d) confirmed the 

inorganic component of the starting material as crystalline CaCO3 in the form of pure 

aragonite (Rocha et al., 2005). In particular, the XRD analysis clearly demonstrated 

that the relative intensity of the peaks of cuttlefish bone powder matches with the 

standard aragonite, while significantly differs from the standard calcite, plotted at the 

bottom side of the diagram. These results proved that the lamellae matrix of 

cuttlefish bone retained the aragonitic structure after the pre-treatment at 300°C. 

The aragonitic structure of cuttlefish bone powder was converted in HAP after 90 

minutes of thermal treatment at 900°C. The conversion of aragonite into 

hydroxyapatite powder was followed by FT-IR spectroscopy (Fig.2 a) and XRD 

analysis (Fig.2 b). The results clearly showed that the characteristic bands of the 

functional groups of hydroxyapatite phase are absent in the FT-IR and XRD spectra 

of cuttlefish powder. After thermal treatment, the FT-IR of the powder presented the 

characteristic peak of hydroxyapatite around 1021 cm-1, assigned to the vibrations of 

phosphate groups (Rehman & Bonfield, 1997). The characteristic peaks of 

hydroxyapatite can be detected also in the XRD spectra of the powder after the 

thermal treatment. In particular the three peaks of HAP at 2θ = 25.8° (0 0 2), 31.7° 

(2 1 1), and 32.9° (3 0 0) are present (Ślósarczyk et al., 2005). 

Fig. 3 shows the XRD patterns of the samples produced using commercial 

hydroxyapatite and cuttlefish bone powders, containing 30 wt.% of Bioglass®45S5, 

after the thermal treatment at 900°C for a period of 3 hours.  

When 30 wt.% Bioglass®45S5 are added to the cuttlefish powders (samples CF30B), 

the phases detected after the thermal treatment at 900°C are hydroxyapatite, sodium 

calcium phosphate (Na3Ca6(PO4)5, JCPDS#40-0393) and β-TCP (Ca3(PO4), 

JCPDS#09-0169). In this case there is no evidence of any crystalline silicate phases. 
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However, when 30 wt.% Bioglass®45S5 are added to the commercial synthetic 

hydroxyapatite powders and treated at 900°C (samples HAP30B) the main phases 

present in the product seem to be hydroxyapatite and Na2Ca2Si2O7 (JCPDS#10-

0016). 

The EDXS element mapping analyses of the samples containing 30% wt. 

Bioglass®45S5, after the thermal treatment at 900°C, are reported in Fig. 4. The 

Grey images in the figure are the base image of the local regions used for the EDXS 

mapping of the samples, while the colored images show the corresponding O, Ca, P, 

Na and Si element mapping in the same regions. In both samples, O, Ca and P are 

evenly distributed throughout the entire region, while silicon is localized in specific 

areas of the surface. However, is interesting to note that, in the samples CF30B, 

silicon is localized in Ca deficient areas of the surface and it seems not combined 

with other elements to form new phases after the treatment at 900°C. However, the 

element mapping of the samples HAP30B showed that, in this case, silicon is 

combined with Ca and Na, suggesting the presence of calcium silicate compounds in 

some areas of the surface. 

3.2. Mechanical property characterization 

The compressive stress-strain curves and the ultimate compressive strength of the 

different sintered samples are shown in Fig. 5.  

Samples CF30B and HAP30B presented the highest compressive strength values 

proving that the addition of Bioglass®45S5 significantly improves the average 

compressive strength of the sintered bioceramic samples.  
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3.3. In vitro biological characterization 

In order to investigate the deposition of apatite on the surfaces of the different 

bioceramics formulations, samples were placed for 7 days in media without cells. 

After 7 days of immersion in the culture media, all the samples presented an apatite 

layer and in particular samples containing Bioglass® (HAP30B and CF30B), had the 

largest amount of apatite formation (Fig. 6). 

3.3.4 Cell adhesion, morphology and distribution 

As shown in Fig.7, the actin microfilament cytoskeleton and nucleus of cells after 1, 3 

and 7 days of cells culture were stained to visually explore the adhesion and 

spreading of MG63 cells on the different samples. At day 1, rhodamine-phalloidin 

and DAPI staining revealed a comparable number of cell attachment on all the 

samples. However, in the sample CF_p, cytoskeleton organization was not very 

prominent in comparison with the other samples formulations. After three days of cell 

culture, the cell started to growth and showed a stretched morphology of the 

cytoskeleton arrangement. At day 7, an appreciable cellular growth was evident in all 

the samples. In particular, samples CF_p and CF30B presented a significant 

increase in cells number; the entire surface of the substrates appeared to be covered 

by a continuous carpet of spread cells with well-organized actin filaments and well-

developed cytoskeleton.  

3.3.1. Cell proliferation by DNA quantification 

To investigate the ability of the different bioceramic formulations to promote cell 

proliferation and growth, MG63 cells were seeded on the scaffolds, and their 

behavior was subsequently investigated. Cell proliferation studies were performed at 

different time points over a period of 7 days (Day 1, Day 3 and Day 7), using the 

PicoGreen® DNA quantification assay. According to the results (Fig. 8a), the cell 
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number increased gradually at each time point and reached for all the samples its 

peak on day 7. At day 7, the samples produced using the cuttlefish bone powder as 

starting material (samples CF_p and CF30B) presented a significantly higher cell 

number in comparison with the samples HAP_st and HAP30B.  

These findings are in agreement with the confocal results that evidenced a larger cell 

growth for the scaffolds produced from the cuttlefish bone powder than for those 

produced with the commercial stoichiometric HAP. 

3.3.2. Cell metabolic activity by AlamarBlue® assay 

Fig. 8b and Fig. 8c show the metabolic activity, measured using AlamarBlue® assay, 

of MG63 cells cultured for 1, 3 and 7 days on samples produced with the different 

formulations. For all the substrates the cellular metabolic activity of the systems 

continued to increase up to 7 days of culture (Fig. 8b). At day 7, cells seeded on 

samples containing Bioglass®-45S5 (HAP30B and CF30B) showed a significantly 

higher total metabolic activity when compared to the substrates prepared without the 

addition of the Bioglass (HAP_st and CF_p). Total cell metabolic activity was also 

normalized to the total DNA content previously determined using the PicoGreen® 

DNA quantification assay. Normalized metabolic activity values are presented in Fig. 

8c. Interestingly, cells seeded on HAP30B substrates showed a higher specific 

activity when compared to cells seeded in HAP_st samples at all time points. On the 

other side, the CF-based substrates (CF_p and CF30B) showed a lower normalized 

activity than the HAP-based counterparts at day 7. 

3.3.3. Alkaline phosphatase activity 

The production of intracellular alkaline phosphatase (ALP) of MG63 cell line was 

monitored at 1, 3 and 7 days (Fig. 8d). Interestingly, CF30B was the only substrate 

demonstrating an early ALP production at day 3. Similarly, sample CF30B showed 
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the highest value for ALP activity among all the experimental groups both at day 3 

and at day 7. In addition, CF-based samples (both CF_st and CF30B) displayed 

higher ALP production when compared to HAP-based substrates at day 7. The plot 

in Fig. 8e reports the ALP activity normalized to previously determined DNA content. 

Also in this case, sample CP30B presented the highest value of normalized ALP 

activity at day 3. At day 7, no differences in terms of normalized ALP production 

were found between the samples containing Bioglass®-45S5 (HAP30B and CP30B) 

at day 7.  

 

4. Discussion 

Among the requirements for scaffolds materials in bone tissue engineering 

applications, bioactivity and osteoconductivity are crucial aspects to achieve 

successful tissue regeneration. At the same time, the mechanical properties of the 

scaffold are critical in order to support the loads during the regeneration process.  

Hydroxyapatite is the major mineral component of native bone and it has been 

widely used in several bone tissue engineering applications. However, it is well 

known that hydroxyapatite cannot be used alone as scaffold material because of its 

poor mechanical properties (Wang, 2003).  

As previously suggested in literature, strong chemical bonds can be formed during 

the sintering process of hydroxyapatite/bioactive glass formulations and the 

presence of a glassy phase can promote the decomposition of hydroxyapatite to β-

TCP, thus accelerating atomic diffusivity and the kinetics of the sintering process 

(Chatzistavrou et al., 2006). As a consequence, hydroxyapatite-based structures 

with enhanced mechanical properties can be obtained by sintering 

hydroxyapatite/bioactive glass powder formulations (Goller et al., 2003). 
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In addition, it has been demonstrated that the cosintering process can induce the 

formation of new ceramic phases. In particular, Demirkiran et al. have reported that 

the sintering process of hydroxyapatite with 10 wt.% Bioglass®45S5 resulted in the 

formation of calcium phosphate silicate (Ca(PO4)2SiO4) and limited amount of β-

TCP, while the composition with 25 wt.% Bioglass®45S5 originated sodium calcium 

phosphate (Na3Ca6(PO4)5) with no evidence of β-TCP (Demirkiran et al., 2010).  

Our results confirmed that the samples containing Bioglass®45S5 (HAP30B and 

CF30B) exhibited a significantly higher compressive strength when compared with 

those produced without Bioglass® (HAP_st and CF_p). At this regard, a further 

improvement of the compressive strengths of the samples could be achieved thought 

the optimization of the process parameters. For example previously studies have 

indicated that the compressive strengths increase significantly using powders with 

uniform particle sizes distribution, high pre-sintering compaction pressure and when 

the sintering temperature is higher than 1200°C (Prokopiev & Sevostianov, 2006). 

In this study we have demonstrated that the addition of 30 wt.% Bioglass®45S5 to 

the HAP (HAP30B) trigged the decomposition of commercial stoichiometric 

hydroxyapatite during sintering at 900°C into CaO and β-TCP, that further reacted 

with the Bioglass® with the formation of new phases. In particular, the XRD analysis 

of HAP30B demonstrated the formation of both hydroxyapatite and Na2Ca2Si2O7 

(40.9 wt% SiO2, 38.3 wt% CaO, 20.8% wt Na2O) after sintering. Furthermore, the 

element mapping of these samples showed that silicon was combined with Ca and 

Na and indicated the presence of calcium silicate compounds in some areas of the 

surface.  

On the other hand, the XRD analysis of sample CF30B did not reveal the presence 

of any crystalline silicate phase. This is probably related to the fact that for this 
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formulation hydroxyapatite was generated through the thermal conversion of 

aragonite (CaCO3) structure of CF powder, following the chemical reaction: 

10CaCO3 + 6(NH4)2HPO4 + 2H2O → Ca10(PO4)6(OH)2 + 6(NH4)2CO3 + 4H2CO3 

(Rocha et al., 2005).   

At the same time, CaCO3 was thermally decomposed to obtain CaO that reacted with 

P2O5 provided by Bioglass® to form β-TCP. The further incorporation of Na+ cations 

into the structure resulted in the formation of Na3Ca6(PO4)5. It is interesting to note 

that the elements mapping of CF30B indicated that silicon was localized in Ca-

deficient areas of the surface, thus suggesting that silica segregated as amorphous 

silica in localized regions of the samples surface during the thermal treatment. 

In vitro biological evaluation was performed to investigate the effect of the new 

chemistry on the cellular response. MG63 cell line was used to evaluate the 

biocompatibility of the different bioceramics formulations. These cells are derived 

from a human osteosarcoma and are frequently used as an experimental model to 

study different osteoblast functions. In fact, these cells present a number of features 

typical of an undifferentiated osteoblast  phenotype, including the synthesis of 

collagen type I and III, production of osteocalcin and the expression of alkaline 

phosphatase (Clover & Gowen, 1994).  

We have demonstrated that the scaffolds based on cuttlefish bone powder (samples 

CF_p and CF30B) stimulated MG63 cells proliferation after 7 days of in vitro culture. 

In fact, analysis of DNA content and confocal images demonstrated a significant 

enhancement of the cell number, and a higher cellular proliferation for cuttlefish bone 

derived samples (CF_p and CF30B) in comparison with samples produced using the 

commercial synthetic hydroxyapatite (Fig. 8a). We also noticed that the formation of 

new phases in the formulations with Bioglass® significantly influenced the cell activity 
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(Fig. 8b). This enhancement of the metabolic activity in the samples CF30B and 

HAP30B is consistent with previous works that studied the behavior of bioceramic 

surfaces in presence of Bioglass®. In particular, Clark et al. reported that silica gel 

layer is formed on the surface of bioceramics as a result of Bioglass® partial 

dissolution (Clark and al., 1976). Such newly formed silica layer promotes cell 

proliferation and differentiation and at the same time improves the mineralization 

process through the formation of an apatite layer. Moreover, it has been shown that 

formulations containing bioactive glasses release silicon, calcium, sodium and 

phosphate ions during the degradation in the physiological conditions. Such ions are 

important because Ca, Si and P are the main components of biological apatite and 

play a crucial role in bone formation and resorption (Ducheyne & Qiu, 1999). In 

particular, Ca is involved in the activation of the intracellular mechanisms during 

bone remodeling and Si is implicated in the metabolic processes of new bone matrix 

formation and calcification (Hoppe et al., 2011). Therefore, the dissolution products 

of bioactive glasses can stimulate cells to produce new bone tissue and, at the same 

time, improve the mineralization process. Interestingly, the formulations containing 

Bioglass® were shown to promote the cell activity to a greater extent than the 

Bioglass-free substrates, even when normalized activity was taken into consideration 

(Fig. 8c). We also found that cells seeded on substrates based on cuttlefish bone 

powder (samples CF_p and CF30B) presented a reduction in normalized activity at 

day 7. However, as revealed by confocal examination at day 7 samples CF_p and 

CF30B had already reached a confluence state and the reduction in single-cell 

metabolic activity could be related to contact inhibition phenomena.  

In this study, SEM analysis indicated calcium deposition on all the scaffolds after 7 

days of immersion in DMEM and a highly developed apatite layer, in particular for 
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the samples containing Bioglass®. In the sample CF30B, the dissolution of 

amorphous silica on the surface could also contribute to enhance the bioactivity 

thanks to the release of silicon ions.  

However, a suitable model for bone tissue engineering applications requires also 

that cells be able to differentiate into bone-forming cells. Alkaline phosphate (ALP) is 

an enzyme that is associated with calcification and its activity increases when 

osteoblasts produce osteoid. In particular, ALP expression characteristically reaches 

a maximum level during the phase of matrix maturation, just before mineralization 

actually begins (Boyan et al., 2011). For this reason, ALP enzyme is considered an 

early marker of osteoblast differentiation. Furthermore, the ALP enzyme has the 

effect to increase local levels of inorganic phosphate, one of the components of 

apatite, revealing the activation of the early phases that will lead to the mineralization 

process (Delmas, 1993). The ALP measurements of the bioceramics formulations 

indicated that the CF-based substrates were more effective to promote ALP 

production than scaffolds produced with commercial stoichiometric hydroxyapatite. It 

should be noted that no differences were found between HAP30B and CF30B 

samples at day 7, in terms of normalized ALP activity per cell. However, due to the 

higher proliferation rate of MG63 cells on the cuttlefish bone-derived substrates, the 

overall ALP production of the CF30B system was considerably higher. In addition, 

CF30B sample showed an up-regulation of ALP activity as early as at 3 days from 

the seeding, entailing an early onset of the osteogenesis process. These results 

suggest that the chemical composition of the non-stoichiometric hydroxyapatite 

synthesized from cuttlefish bone, could provide an adequate stimulatory effect on 

both cell proliferation and differentiation.  
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6. Conclusions 

In this study, a method to produce highly bioactive hydroxyapatite based scaffolds 

starting from cuttlefish bone powders was studied. In particular, fragmented cuttlefish 

bone was co-sintered with Bioglass®-45S5 at 900 °C for 3 h, to obtain ceramics 

compositions with enhanced bioactivity and mechanical properties. The composition 

and biological properties of the different bioceramics formulations were studied 

considering potential use of the material for bone tissue engineering applications. 

The X-ray diffraction analysis of the samples evidenced that the incorporation of the 

bioactive glass mixture promoted the sintering process and resulted in new phases 

formation. In particular, the addition of 30 % wt. Bioglass® to the cuttlefish bone 

powder resulted in the formation of sodium calcium phosphate (Na3Ca6(PO4)5), β-

tricalcium phosphate (β-TCP, Ca3(PO4)) and amorphous silica. The compressive 

tests of the samples proved that the combination with Bioglass®45S5 increased the 

mechanical properties of scaffolds. In addition, the biological tests indicated that it 

positively affected also the in vitro metabolic activity of MG63 cells. Furthermore, the 

samples produced starting from cuttlefish bone powder showed the largest apatite 

deposition on the surface when immersed in DMEM and the highest proliferation of 

MG63 cells, after 7 days of cell culture. Finally, the measurements of ALP activity 

evidenced that naturally derived hydroxyapatite could be effective to promote both, 

cell proliferation and differentiation. These results make cuttlefish bone a cost-

effective and environmentally friendly source of hydroxyapatite and that physical and 

biological properties can be optimized for bone tissue engineering applications with 

the addition of Bioglass®. 
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Figure 1. (a) SEM image of the lamellar porous structure of cuttlefish bone; (b) SEM image of the 
powder obtained after the grinding process of the cuttlefish bone; (c) EDXS spectrum of cuttlefish bone 
powder; (d) XRD analysis of cuttlefish bone. The figure reports the spectrum of the cuttlefish bone 
powder in comparison with the spectra of pure Aragonite and Calcite. 
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Figure 2. FT-IR (a) and XRD (b) spectra of cuttlefish bone powder before and after 90 minutes of 

thermal treatment at 900°C in comparison with the spectrum of synthetic hydroxyapatite powder (HAP). 
  



 
This article is protected by copyright. All rights reserved. 

 
 
Figure 3. XRD spectra of synthetic hydroxyapatite/Bioglass®45S5 (samples HAP30B) and cuttlefish bone 
powder/Bioglass®45S5 (samples CF30B) after 3 hours of thermal treatment at 900°C in comparison 
with the spectrum of synthetic hydroxyapatite powder (HAP). 
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Figure 4. EDXS element mapping of the specimens after the thermal treatment at 900°C: (a) samples 
HAP30B; (b) samples CF30B. Scale bars in the figures are equivalent to 100 μm. 
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Figure 5. Mechanical behavior of the different samples (HAP_st, HAP30B, CF_p and CF30B) subjected to 
uniaxial compression; (a) Representative stress-strain curves (b) Ultimate compressive strength. (*) p < 
0.001. 
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Figure 6. Secondary electron scanning micrographs of the different bioceramic formulations: (a) samples 

HAP_st, (b) samples HAP30B, (c) samples CF_p, (d) samples CF30B, before (left) and after (right) 
incubation in DMEM for 7 days . 
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Figure 7. Rhodamine-labeled phalloidin (F-actin fibers in red) and DAPI (nuclei, blue) were used to 
visualize cell cytoskeleton organization and cell distribution of MG63 cells cultured for 1, 3 and 7 days on 
samples: HAP_st, HAP30B, CF_p and CF30B. Scale bars in the figures are equivalent to 100 μm. 
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Figure 8. Adhesion, proliferation, metabolic activity and ALP production for MG63 cells cultured for 1, 3 
and 7 days on the surface of the bioceramic samples (HAP_st, HAP30B, CF_p and CF30B); (a) Cell 
number derived from total DNA content measured by PicoGreen® quantification assay, (b) Total 

metabolic activity determined by AlamarBlue® assay, (c) Metabolic activity was normalized with respect 
to DNA content, (d) Total ALP production determined alkaline phosphatase test, (e) ALP production 
normalized with respect to DNA content. All the data were presented as mean ±SD. (*) p < 0.05, (**) p 
< 0.01, (***) p < 0.001. 


