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Abstract 

Cuttlefish bone (CB) has been explored as biomaterial in the bone tissue-

engineering field due to its unique porous structure and capacity of the aragonite 

mineral to be hydrothermally converted into calcium phosphates (CaPs). In the present 

study, undoped and ion (Sr
2+

, Mg
2+

 and/or Zn
2+

) doped biphasic calcium phosphate 

(BCP) scaffolds were prepared by hydrothermal transformation (HT, 200 ºC, 24 h) of 

CB. The obtained scaffolds were sintered and then coated with two commercial 

polymers, poly(ε-caprolactone) (PCL) or poly(DL-lactide) (PDLA), and with two 

synthesized ones, a poly(ester amide) (PEA) or a poly(ester urea) (PEU) in order to 

improve their compressive strength. The scaffolds were characterized by X-ray 

diffraction (XRD) coupled with structural Rietveld refinement, Fourier transform 

infrared (FTIR) spectroscopy, and scanning electron microscopy (SEM). The results 

demonstrate that CB could be entirely transformed into BCPs in the presence or absence 

of doping elements. The initial CB structure was preserved and the polymeric coatings 

did not jeopardize the interconnected porous structure. Furthermore, the polymeric 

coatings enhanced the compressive strength of the scaffolds. The in vitro bio-

mineralization upon immersing the scaffolds into simulated body fluid (SBF) 

demonstrated the formation of bone-like apatite surface layers in both uncoated and 

coated scaffolds. Overall, the produced scaffolds exhibit promising properties for bone 

tissue engineering applications.  

 

Keywords: Cuttlefish bone; Hydrothermal transformation; Biphasic calcium phosphate; 

Ion doping; Polymeric coatings. 
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1. Introduction 

Bone is the second most transplanted tissue worldwide. Autografts, still 

considered the gold standard due to their optimal osteogenic, osteoinductive and 

osteoconductive properties, have multiple drawbacks, including the donor site morbidity 

and their limited availability [1]. In the last decades, bone tissue engineering has been 

regarded as a promising alternative to the current bone grafting approaches. It involves 

the use of porous 3D scaffolds that provide a suitable environment and architecture 

during bone regeneration and development [2].  

Calcium phosphates (CaPs) are some of the most used materials for bone graft 

strategies due to their close resemblance with the mineral component of the bone [3]. 

Nowadays, biphasic calcium phosphates (BCP) are regarded with much interest [4,5]. 

Being a combination of a more stable phase, hydroxyapatite (HA), and a more soluble 

one, -tricalcium phosphate (-TCP), BCP biomaterials are often preferred for bone 

remodeling processes for enabling tailoring an adequate equilibrium between 

resorption/solubilization [6,7]. Certain ions existing in bone composition, such as 

strontium (Sr
2+

), magnesium (Mg
2+

) and zinc (Zn
2+

) can be incorporated into the 

crystalline structure of CaPs in single or combined ways and might favorably influence 

their biological behaviors upon implantation [8]. Sr
2+

 is present in bone in considerable 

quantities, mainly at regions with high levels of metabolic turnover. It enhances bone 

formation while depressing bone resorption by inducing the proliferation of pre-

osteoblasts and its differentiation and increasing the apoptosis of osteoclast [9,10]. On 

the other hand, Mg
2+

 is intimately related to the mineralization of the calcified tissues. 

Furthermore, Mg
2+

 influences osteoblast and osteoclast activity and, thereby, the bone 

metabolism and bone growth [9,10]. Zn
2+

 plays an important role in bone development 

and growth  [9,10]. In addition, Zn
2+

 is a trace element recognized for its antioxidant 
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and anti-inflammatory properties, with beneficial therapeutic effects in different 

diseases like atherosclerosis, neurodegeneration, immunologic disorders and cancer 

[11].  

Despite all the above mentioned advantages, CaP materials are associated with 

poor mechanical properties (brittleness, fracture strength) thereby, limiting their use 

under load-bearing applications [3,12]. Bone is a typical natural composite, combining 

CaPs and natural polymers [13,14]. As matrices for engineered composites, synthetic 

polymers offer several advantages in comparison to natural polymers, since their 

properties can be tailored and their mechanical properties and degradation rates are 

more predictable and reproducible. Polyesters, such as polylactic acid (PLA) and 

poly(ε-caprolactone) (PCL), are the most commonly used synthetic polymer in bone 

tissue engineering. These polymers are biocompatible, non-cytotoxic and demonstrated 

to have suitable degradation rates [15,16]. Alternatively, α-amino acid based poly(ester 

amide) (PEA) and poly(ester urea) (PEU) belong to a class of synthetic polymers with 

promising properties in biomedical field. Indeed, these polymers can combine the 

biodegradability of polyesters and the mechanical and thermal behavior of polyamides 

[17,18]. The presence of the α-amino acids in the PEA and PEU’s structure improves 

cell-material interactions and provides the polymers with the ability to be degraded by 

enzymes. Additionally, if α-amino acids with reactive pendant groups (–OH, –NH2, –

COOH, –SH) are used, the further post-functionalization of the polymers with moieties 

of interest is possible [19]. For instance, a  PEU based on tyrosine was used to attach 

osteogenic growth peptide or bone morphogenetic protein-2 as a way to improve 

osteogenic differentiation [20,21]. PEAs and PEUs can be prepared with a myriad of 

structures, allowing to tailor their properties to a specific application [19].  
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Scaffolds for bone tissue engineering must be biocompatible and, thereby, cells 

must be able to adhere to their surfaces and proliferate. They should have an 

interconnected porous structure with pore sizes greater than 100 µm for enabling cell 

adhesion and proliferation, nutrient/waste transportation and bone ingrowth. The 

mechanical properties should ideally be similar to those of host bone, and the 

degradation rate should match the rate of new bone formation [22]. Marine skeletons, 

mainly composed by aragonite (CaCO3), have been explored as an attractive source to 

obtain CaP scaffolds via a hydrothermal treatment (HT) [23]. Cuttlefish bone (CB), the 

hard tissue in cuttlefish, is a widely available and inexpensive material. It is composed 

by an internal lamellar matrix and a dorsal shield. The lamellar matrix has a quasi-

periodic microstructure organized by lamellae supported by pillars, which form 

channels with an elevated degree of interconnectivity. This unique architecture has a 

porosity of approximately 93% and pore sizes varying between 200 and 600 µm [24]. In 

this regard, among the different marine skeletons, CB is one of the most studied 

materials for bone grafts. Rocha et al. [25,26] were the first ones to obtain CB-derived 

HA scaffolds via HT. The original structure was fully preserved in the HA scaffolds and 

the in vitro and in vivo studies demonstrated their osteoinductive properties, promoting 

excellent cell adhesion, proliferation and differentiation [25–27]. To improve the 

biological performance, fluorine (F

) [28] and silicon (Si

4+
) [29] were incorporated into 

the obtained scaffolds. On the other hand, and recognizing the brittleness of the HA 

scaffolds derived from CB, Milovac et al. [30,31] and Kim et al. [32] coated the 

scaffolds with PCL and observed the improvement of mechanical and biological 

behaviors. In order to have an effective improvement of the mechanical properties, 

Milovac et al. [31] coated the scaffolds with a 20 % (w/v) of PCL solution. But 

considering the slow degradation of PCL, Rogina et al. [33] coated HA scaffolds 
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derived from CB with a combination of PCL and PLA. Through the combination of 

these two polymers, it was possible to reduce the polymer thickness and improve the 

mechanical properties. 

The present work aims at obtaining via HT CB-derived BCP scaffolds 

incorporating different doping ions (Sr
2+

, Mg
2+

 and Zn
2+

) in various combinations. The 

surface of the scaffolds was further functionalized with PCL, poly(DL-lactide) (PDLA), 

PEA and PEU coatings by using vacuum impregnation. The chemical composition, 

morphological properties and mechanical properties were examined. The capacity of 

coated scaffolds to induce the precipitation of a calcium phosphate layer on its surface 

was investigated.   

    

2. Materials and methods  

2.1 Preparation of non-doped and doped BCP scaffolds derived from CB  

Di-ammonium hydrogen phosphate [(NH4)2HPO4, Panreac AppliChem, Spain] 

was used as precursor for phosphorous (P). Nitrate salts were adopted as precursors for 

the cationic (Sr
2+

, Mg
2+

, Zn
2+

) dopants, namely, Strontium nitrate, Sr(NO3)2, 

Magnesium nitrate hexahydrate, Mg(NO3)2 6H2O, and zinc nitrate hexahydrate, 

Zn(NO3)2 6H2O, all from Sigma-Aldrich, Germany. CBs obtained from cuttlefish, Sepia 

officinalis were used as calcium source. In order to evaluate the exact amount of water, 

organic matter and CaCO3, raw CB samples were subjected to differential and 

gravimetric thermal analyses (DTA/TG, Labsys Setaram TG-DTA/DSC, France), using 

a heating rate of 10 ºC min
1

. The exact content of CaCO3 was determined and taken 

into account upon mixing with the required amounts of the other reagents. The lamella 

of raw CB was firstly cut into small pieces, washed with water, and dried before being 
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used as starting materials for the preparation of non-doped and doped BCP scaffolds 

derived from the CB. The CB pieces with a known amount of CaCO3 were mixed with 

the required amount and concentration of the phosphorous (P) precursor solution to 

obtain the desired non-doped BCP composition. For the doped scaffolds, an additional 

solution containing the required propositions of the cationic nitrate precursor salts was 

also prepared and mixed with the phosphorous solution. Four different doped 

compositions with a fixed Sr
2+ 

content (6 mol%, BCP-6Sr), alone or in various 

combinations with other doping ions (2 mol% Mg
2+

, BCP-6Sr2Mg; 2 mol% Zn
2+

,
 
BCP-

6Sr2Zn; and 2 mol% Mg
2+

 + 2 mol% Zn
2+

, BCP-6Sr2Mg2Zn) were prepared.  

The reacting solutions and the CB pieces were then sealed in 

poly(tetrafluorethylene) (PTFE) lined stainless steel autoclaves and placed at 200 ºC for 

24 h in the oven. The obtained scaffolds were washed with distilled water and dried in 

an oven at 40 ºC. Afterwards, the scaffolds were heat treated at 700 ºC with a heating 

rate of 0.5 ºCmin
1

 for 1 h to eliminate the organic material and, then, sintered at 1200 

ºC for 2 h, using a heating rate of 2 ºC min
1

.      

2.2 Polymeric coatings  

BCP scaffolds were coated with two of the most used polymers in the 

biomedical field, PCL (CAPA
TM

6800 Mn = 80.000 g mol
1

) or PDLA (PURASORB
®
 

PDL 20, Mw = 47365 g mol
1

), purchased from Perstorp Specialty Chemicals AB 

(Perstorp, Sweden) and Corbion Purac (Amsterdam, The Netherlands), respectively. In 

addition, PEA or PEU, which were synthesized in the laboratory (see Supporting 

Information for the synthesis details and chemical characterization of the polymers, Fig. 

S1 and Fig. S2), were also used for the coating of BCP scaffolds. Both PCL and PDLA 

were dissolved in dichloromethane (Sigma-Aldrich, Germany) at concentrations of 5 % 
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and 3 % (w/v), respectively. On the other hand, PEA and PEU were dissolved in 

chloroform (Fisher Scientific, United Kingdom) at a concentration of 5 % (w/v). The 

addition of 1 ml of N  N’-dimethylformamide (Sigma-Aldrich, Germany) was required 

to improve the dissolution of these polymers.  

The prepared scaffolds were dipped in the polymer solutions under partial 

vacuum for approximately 5 min. The vacuum allows the removal of air from the pores 

and ensures that the polymer solution can be easily impregnated into the porous 

structure. The coated samples were dried in an oven overnight and were, posteriorly, 

placed at room temperature (RT) for more 7 days to eliminate the remaining organic 

solvent.  

2.3 Characterization  

 The crystalline phases of all the synthesized (non-doped and doped) CB-

derived BCP scaffolds were identified by X-ray diffraction (XDR) using a High 

Resolution X-ray Diffractometer (PANalytical X’Pert PRO) with Cu K radiation ( = 

1.5406 Å) produced at 40 mA and 45 kV. Data were collected in the 2 range between 

10º and 100º with a 2-step size of 0.0260º per second. The Rietveld refinements were 

performed using the software TOPAS 5.0 (Bruker AXS, Karlsruhe, Germany) with the 

fundamental parameters. To identify the crystalline phases it was used the ICDD card 

numbers of # 04-015-7545 for HA and # 04-006-9376 for -TCP.   

 Inductively couple plasma (ICP) spectrometry (ICP-OES Jobin Yvon Activa 

M., USA) was used for the elemental analysis of Sr, Mg and Zn. Before analyses, the 

powders were dissolved in 2% nitric acid (HNO3).   

 The identification of the characteristic functional groups and structural 

characterization was obtained by Fourier transform infrared (FTIR) spectroscopy using 
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a FTIR Bruker Tensor 27 equipped with a Golden Gate Single Reflection Diamond 

ATR. The data are collected over the spectral range of 4004000 cm
1

 using a total of 

256 scans and a spectral resolution of 4 cm
1

, having the sample placed directly over the 

diamond crystal and pressed.  

The 
1
H NMR spectra of the PEA and PEU was obtained at 25 ºC on a Bruker 

Avance 400 MHz Spectrometer (Billerica, Massachusetts, EUA) using a 5 mm 

broadband NMR probe, in DMSO-d6. Tetramethylsilane was used as the internal 

standard. 

 The interconnectivity of the CB microstructure was assessed by micro 

computed tomography (µ-CT, Bruker) using an exposure time of 800 ms, energy of 50 

kV and intensity of 200 µA. The NRecon software was used for the reconstruction of 

cross-section images. The microstructure and morphology of the raw CB scaffolds, and 

after hydrothermal transformation, without and with the polymeric coatings were 

observed by scanning electron microscopy (SEM, Hitachi SU-70, Hitachi High-

Technologies Europe, GmbH, Germany).  

Density measurements using the buoyancy (Archimedes’) method was employed 

to analyze whether the porosity changes after transformation and how it was affected by 

the polymeric coating. Thus, raw CB and the hydrothermally transformed and sintered 

scaffolds, without and with the polymeric coatings were immersed in distilled water in 

accordance with the European Standard EN 993-1. The scaffolds density was calculated 

using the following equation:  

          
  

     
      

where scaffold and w are respectively the densities of the scaffold and of water in g 

cm
3

; m1 is the weight of the dried scaffold (g), m2 is the weight of the scaffold 

suspended in water (g), and m3 is the weigth of the water saturated scaffold measured in 
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air (g). By knowing the mineralogical phase compositions and, if applicable, the 

percentage of adsorbed polymer in each sample, it is possible to calculate the 

theorethical density of the scaffold and, then, its porosity.  

 The compression tests were carried out in using a universal testing machine 

(AG-IS10kN, Shimadzu, Kyoto, Japan) by applying perpendicularly to the lamella a 

maximum load of 200 N to cubic shape scaffolds with approximately 3 mm side at a 

constant crosshead speed of 0.5 mm min
1

 under dry ambient conditions.  

2.4 In vitro bio-mineralization  

The in vitro bio-mineralization capacity of the scaffolds was analyzed by 

immersion of the uncoated and coated scaffolds in simulated body fluid (SBF) at 37 ºC 

in an orbital shaker for 3, 7 and 14 days. The SBF solution was prepared accordingly to 

the international standard ISO 23317. The in vitro bio-mineralization tests were 

performed according to an unified procedure described elsewhere [34] using a standard 

area per mL of SBF solution of 0.5 cm
2
 mL

–1
. After each soaking period, the samples 

were removed from SBF solution, gently rinsed with distilled water and then left to dry 

in a desiccator. Once dried, the scaffolds were analyzed by SEM to observe the 

bioactive layer deposited onto their surfaces.     

2.5 Statistical analysis 

The experiments were performed in triplicated and the values are expressed as 

mean ± standard deviation. The statistical analysis was performed using one-way 

analysis of variance (ANOVA). P < 0.05 was considered statistically significant.   
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3. Results  

3.1 Thermal analysis  

The results of the thermal analysis (DTA and TG) of raw CB are shown in Fig. 

1. The TG curve revealed a weight loss of 1.02% up to 150 ºC associated with water 

evaporation. The weight loss between 150 ºC and 500 ºC due to the burning of the 

organic matter was about 4.49%, and is associated with two exothermic peaks (DTA 

curve) at 285 and 430 ºC. Lastly, the weight loss of 38.64% over 500–1000 ºC was due 

to the decomposition of aragonite into calcium oxide. This thermal transformation is 

also responsible for the strong endothermic peak centered at 844 ºC.  

3.2 Chemical and structural characterization  

The XRD patterns of the HT scaffolds sintered at 1200 ºC are displayed in Fig. 

2. The crystalline phases identified indicated the presence of HA (# 04-015-7245) and 

-TCP (# 04-006-9376). Although all the synthesized compositions exhibited the same 

phases (HA and -TCP), their propositions were dependent on the doping combinations. 

When Sr
2+

 is incorporated alone in the crystalline lattice all the peaks are shifted to 

lower angles. On the other hand, when Sr
2+

 is incorporated along with Mg
2+

 or Zn
2+

 in 

the crystalline lattice, there is an intensity enhancement and a shift to higher angles of 

the peaks corresponding to the -TCP phase, while the HA peaks are shifted in the 

opposite direction. The concomitant incorporation of Sr
2+

, Mg
2+

 and Zn
2+ 

in the 

crystalline structure results in a slight overall shift of all the peaks to higher angles. The 

quantitative phase analysis data determined by Rietveld refinement (wt.%) for all 

compositions are summarized in Table 1. 
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The contents of the doping elements (Sr, Mg and Zn) in the BCP scaffolds were 

determined by ICP analysis. The experimentally measured values reported in Table 2 

reveal that they are significantly below to the planned ones.  

The FTIR spectra of the uncoated and coated (with different polymers) BCP 

scaffolds are shown in Fig. 3. All the uncoated scaffolds exhibit similar spectra with the 

characteristic vibrational modes of PO4 and OH groups. The band at 475 cm
1

 is 

associated to doubly degenerate 2 OPO bending. The bands at 550 and 600 cm
1

 

correspond to the PO4 tetrahedra4 mode and 1020 and 1087 cm
1

 represent the peaks 

for the 3 mode. The bands at 940 and 960 cm
1 

denote the 1 non-degenerate PO 

symmetry stretching mode. The typical stretching and vibrational modes of OH group 

should appear at 630 and 3575 cm
1 

[35]. Nevertheless, the band at 630 cm
1 

appears 

with a low intensity while the peak at 3575 cm
1

 did not appear at all. Overall, the FTIR 

spectra of the polymeric coated scaffolds appear as superpositions of individual BCP 

and polymer (PCL, PDLA, PEA or PEU) spectra. In FTIR spectra of the PCL coated 

samples the band at 1720 cm
1

 is due to the stretching vibrations of the CO group in 

the ester linkage. The bands at 1460, 1390 and 1367 cm
1

 correspond to the CH2 

bending modes, and the 2942 and 2895 cm
1

 ones are ascribed to the CH2 to the 

stretching mode. In addition, the bands at 1234, 1107 and 1042 cm
1 

correspond to the 

stretching vibrations of the COC group of the ester linkage. The bands located at 

1290 and 1160 cm
1

 are associated with the stretching of the CC and CO bonds of the 

ester group in the crystalline and amorphous phase, respectively [36]. The FTIR spectra 

of the PDLA coated samples exhibit the characteristic PDLA bands, although of low 

intensity. This can be understood considering that the coating was deposited from a 

relatively low concentrated [3 % (w/v)] PDLA solution, which results in a lower 
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percentage of polymeric coating. At 1745 cm
1

 is observed the stretching vibration of 

the CO groups of the ester linkage. The peaks at 2998 and 2940 cm
1 

correspond to the 

stretching vibrations of the CCH3 and CH groups, respectively. The band at 1180 cm
1

 

is ascribed to the stretching vibration of the COC group and the CH3 asymmetric 

deformation and symmetric wagging is observed at 1448 and 1375 cm
1

, respectively. 

The band located at 1043 cm
1 

is associated with stretching of the CO bond and CH 

bending [37]. The FTIR spectra of PEA coated scaffolds show characteristic PEA peaks 

with the ester and amide linkages. The peak at 3300 cm
1

 corresponds to the stretching 

vibration of the NH group of the amide linkage. The bands at 2890 and 2930 cm
1

 

correspond to the symmetric and asymmetric stretching vibrations, respectively, of the 

CH2 groups. The stretching vibration of the CO group of the ester linkage appears at 

1740 cm
1

. At 1650 and 1540 cm
1 

is possible to identify the bands ascribed to the 

amide I and II groups, respectively [38–40]. Lastly, the characteristic bands of PEU 

with the ester and urea linkages are observed in the PEU coated scaffolds. The band at 

3390 cm
1

 corresponds to the stretching vibration of the NH groups of the urea 

linkage. At 1565 cm
1

 is identified the band corresponding to both the bending of the 

NH group and of the stretching of the CN group of the urea linkage. The vibration of 

the CO group of the ester and urea are identified at 1740 and 1625 cm
1

, respectively.  

3.3 Microstructure   

 The unique CB architecture was observed by µ-CT and SEM (Fig. 4). The 

structure comprised by lamellae is supported by numerous pillars generating chambers 

with a height of approximately 400 µm. These chambers are separated by walls with a 

thickness of approximately 10 µm. Furthermore, the pillars create an interconnected 

porosity with widths between 100 and 260 µm that progress through the material in a 
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sigmoidal path. Moreover, it is evident the coating of the lamellar matrix with organic 

material, -chitin. This interconnected porous structure was retained in all the 

compositions after HT and sintering (Fig. 5). Under a higher magnification, it is 

possible to observe the formation of CaP crystals and the morphological characteristics 

did not modify in the presence of the doping elements. 

 The morphology of the scaffolds from all BCP compositions after coating with 

the different polymers was also observed by SEM (Fig. 6). It is possible to observe that 

the surfaces of the scaffolds have been effectively covered with polymer layers, with 

most of the pores remaining unclogged. Moreover, it is possible to infer that the various 

polymers tested have different interactions with the inorganic matrix (Fig. 7a). These 

interactions could be a consequence of the viscosity of the polymeric solutions used for 

the coating (Fig. 7b). It was registered lower and similar viscosities for the 5 % (w/v) 

PEA and PEU solutions. Higher and also similar viscosity curves were obtained for the 

5 % (w/v) PCL and 3 % (w/v) PDLA solutions. The highest viscosity curve was 

achieved with the 5 % (w/v) PDLA solution.   

3.4 Porosity and mechanical properties 

 The porosity data reported in Table 3 reveal that the hydrothermal 

transformation and sintering processes did not affect the porous fraction of the 

scaffolds, as expected. The avegare percentages of porosity measured all the scaffolds 

are within the range of 9293 %, being very similar to that of raw CB (92.85 ± 0.36 %). 

The polymeric coatings induced slight decreases in porosity, with the higher and similar 

porosities being registered for the scaffolds coated with PDLA, PEA or PEU. Porosity 

values slightly below 90 % were measured for the scaffolds coated with PCL.   

 The values of compressive strength (CS) and Young’s modulus (YM) 

calculated from the maximum mechanical stress reached during the deformation period 
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are summarized in Table 4. The CS of the raw CB (1.63 ± 0.07 MPa) was drastically 

reduced by about 8 times after HT and sintering for BCP, BCP-6Sr and BCP-6Sr2Zn, 

and by about 4 times for the other compositions (BCP-6Sr2Mg, BCP-6Sr2Mg2Zn). 

Despite the differences in CS between the raw and the hydrothermaly transformed CB, 

both types of scaffolds exhibit similar stress-strain behaviors with the microstructure 

collapsing layer-by-layer (Fig. 8), instead of a catastrophic failure. The polymeric 

coatings significantly improved the CS, partially recovering the initial composite nature 

of the porous structures. The stress-strain plots displyed in Fig. 9 show that scaffolds 

undergo deformation but without the occurrence of a total collapse of the CB layers. In 

general, the higher values of CS and YM were achieved for the scaffolds coated with 

PEU. On the other hand, the lowest values were registered for the scaffolds coated with 

PEA. For instance, BCP-6Sr2Zn scaffolds improved the CS by almost 5 times from 

0.20 ± 0.01 MPa to 0.97 ± 0.06 MPa after the coating with PEU.  

3.5 In vitro bio-mineralization  

 The in vitro bio-mineralization occurred after immersion the scaffolds into 

SBF solution was analysed by SEM (Fig. 10.) After 14 days of incubation, all the 

scaffolds compositions exhibited the deposition of isolated or aggregated calcium 

phosphate microspheres, characteristic from the apatite developed in vitro. Despite 

knowing that the mineralization process is affected by the nature of the polymer, it was 

observed similar mineralizations for the different polymeric coating with exception of 

the scaffolds coated with PEA. The EDS analysis of the obtained particles showed 

presence of Ca, P and O and small quantities of Na, Mg and Cl, characteristic of the 

natural apatite of the human bone. 
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4. Discussion   

 In this study, we obtained undoped and ion (Sr
2+

,
 
Mg

2+
 and Zn

2+
) doped BCP 

scaffolds derived from CB. Different polymers (PCL, PDLA, PEA and PEU) were used 

for the polymeric coating in order to achieve better mechanical properties. 

 Rocha et al. [26] were the first authors to report the transformation of CB into 

HA scaffolds by HT. Since then, the reseach works have been mainly focoused on the 

transformation of CB into HA scaffolds. Nevertheless, it is recognize that BCP (HA + 

-TCP) biomaterials enable to obtain a better balance between resorption and 

solubilization and, consequently, ensuring the stability of the material while promoting 

bone ingrowth. In this vein, Sarin et al. [41] attempted to produced BCP scaffolds 

derived from CB by immersion the raw CB into a phosphoric acid solution, but only a 

partial conversion extent was achieved, as the final product presented a significant 

amount of CaO (~6.4 wt.%). This is not desired as the remaining CaO will react with 

the physiological fluid after implantation forming calcium hydroxide and creating a 

cytotoxic high pH  environment [42,43]. In the present work, a complete transformation 

of CB into a BCP scaffold was achieved for both undoped and doped scaffolds. 

Accordingly, beyond HA and -TCP, no other crystalline phases were observed by 

XRD (Fig. 2) and the Rietveld refinement (Table 1). The obtained FTIR spectra of the 

samples revealed the presence of the PO4 groups and a very small content of OH 

groups, which might be a consequence of the absence of OH group in the -TCP 

phase, or the occurrence of a partial de-hydroxylation of HA at 1200 ºC. But the very 

low content of OH groups in biological apatites is also well recognized [44]. 

Regarding the volatile nature of carbonates and the sintering temperature of the 

scaffolds (1200 ºC), the carbonate peaks in apatites (872, 1412, 1458 and 1547 cm
1

) 
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did not appear in the FTIR spectra of all the samples [26]. The FTIR data are therefore 

in good agreement with the XRD results (Fig. 2). 

 The incorporation of doping elements into the crystalline lattices of CaP has 

been adopted as a strategy to improve the biological performance of CB-derived 

scaffolds. Kannan et al. [28] and Kim et al. [29] studied the incorporation of F

 and Si

4+
, 

respectively. This work was more ambitious aiming at the concomitant incorporation of 

some essential ions (Sr
2+

, Mg
2+

 and Zn
2+

) into the BCP structure. Although the 

diffraction patterns of all the samples are more or less coincident with HA and -TCP, 

the effects of doping with ions having different radii are reflected in the shifts observed 

in the XRD peaks. For instance, the incorporation of Sr
2+

 into the crystal lattice (BCP-

6Sr) resulted in a slight shift to lower angles. This is consistent with an increase in the 

lattice parameters, as expected from the partial replacement of Ca
2+

 (0.99 Å) by the 

larger size ion (Sr
2+

 1.20 Å) in the lattice sites of HA and -TCP [45]. This is a clear 

indication that Sr
2+

 has been effectively incorporated in both crystalline phases [45–50]. 

The incorporation of Sr
2+

 together with Mg
2+

 (BCP-6Sr2Mg) or with Zn
2+

 (BCP-

6Sr2Zn) resulted in shifts of the HA and -TCP peaks to lower and higher angles, 

respectively. The slight shift of the -TCP peaks to higher angles means that the smaller 

Mg
2+

 (0.69 Å) and Zn
2+

 (0.74 Å) ions were preferentially incorporated in the -TCP 

phase. This is not much surprising considering these smaller ions tend to enhance the 

stability of -TCP, which has been extensively reported, particularly for Mg
2+

 

[48,49,51,52]. Moreover, in the presence of Mg
2+

 or Zn
2+

 there is an intensity 

enhancement of the -TCP peaks. This confirms the preference of these doping ions for
 

occupying lattice positions in the -TCP phase, enhancing its stability. Under these 

circumstances, the Sr
2+

 ions that can almost equally be accommodated in any of the 

crystalline lattices (HA or -TCP) will compete with the Ca
2+

 ions replaced in the -
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TCP phase for available positions in the crystalline lattice of HA. The resulting increase 

in the lattice parameters of HA explains the observed shift of the XRD peaks to lower 

angles. On the other hand, the incorporation of Sr
2+

 together with Mg
2+

 and Zn
2+

 (BCP-

6Sr2Mg2Zn) resulted in an apparent slight shift of all the peaks to higher angles, what is 

somehow surprising. Despite the shifts of the XRD peaks, the elementary analysis 

shown in Table 2 demonstrates that doping elements encounter some difficulties in 

entering the lattice structure to replace calcium, attributed to ionic size mismatches.  

An interconnected porous structure is a crucial parameter for cell proliferation, 

vascularization and nutrient supply. Thereby, such interconnected porous structure is 

beneficial for bone growth [22]. Recognizing the optimal pore size and 

interconnectivity of the CB, a significant number of research works [25–32,41,53,54] 

demonstrated that the initial CB structure could be preserved. Following the same 

principle, in this work it was observed by SEM (Fig. 4 and Fig. 5) that the HT and the 

ionic substitutions did not jeopardize the internal structure of CB.  Moreover, the 

increasing surface roughness after the HT and sintering is beneficial for bone growth 

because it influences not only the cell adhesion and migration but also the production of 

extracellular matrix [55]. 

Raw CB is a composite with an inorganic phase (CaCO3) and an organic phase 

(-chitin) that covers the inorganic matrix [24]. However, the organic part is removed 

upon HT and sintering. The elimination of the organic component is intrinsically related 

to the decrease in the mechanical properties observed for all the different scaffold 

compositions (Fig. 7 and Table 4). In raw CB, the -chitin is responsible for the 

redistribution of the compressive stress and dissipate the mechanical energy during 

deformation, increasing the resilience and toughness of the composite material, thereby, 

hindering the propagation of cracks [31]. Thus, -chitin plays an important role in 
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conferring to the CB the functional and highly sophisticated features that enable 

cuttlefish maintaining its neutral buoyancy at a high depths, while retaining enough 

stiffness and strength to prevent sever distortion or crushing under the high hydrostatic 

pressures in deep water [56–58]. The elimination of the organic matter during the HT 

and sintering processes severely degrades the mechanical properties of CB. 

To overcome this drawback and improving the mechanical properties of CB-

derived HA scaffolds, Milovac et al. [31] and Kim et al. [32] impregnated them with 

PCL solutions, which were then evaporated to leave coatings deposited in the porous 

cell walls. A coating of the CB-derived HA scaffolds with a combination of PCL and 

PLA was studied by Rogina et al. [33].  

The polymeric coatings applied to CB-derived BCP scaffolds aimed at 

improving their mechanical properties. Besides PCL or PDLA (two of the most widely 

used polymers in the biomedical field), coatings based on PEA or PEU (polymers with 

an increasing relevance for biomedical applications [19]) were also investigated in the 

present work. The presence of the polymers in the coated scaffolds was confirmed by 

FTIR through their characteristic peaks appearing superposed with those of BCP peaks. 

Importantly, the polymeric coatings had no significant negative impact on the porosity 

(Table 3), except in the case of the most viscous 5 % (w/v) PDLA solution. 

Accordingly, a more diluted solution [3 % (w/v)] was adopted for further coatings with 

this polymer. Under this condition, the porosity values of PDLA coated scaffolds were 

similar to the PEA and PEU coated scaffolds. The lowest value of porosity (~89%) 

registered for scaffolds coated with PCL from a 5 % (w/v) solution, which can also be 

attributed to its relatively high viscosity, limiting the solution runoff from the pores.. 

The 5 % (w/v) PEA and PEU solutions exhibited the lower viscosities, being able to 

penetrate into the intrinsic porosity of cell walls and easily runoff, forming thinner 
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coating layers in comparison to PCL and PDLA. For instance, a reduction in the 

concentration of the PCL solution to 1 % (w/v) (Fig. S4) was required to achieve 

viscosity curves similar to the ones corresponding to the 5 % (w/v) PEA and PEU 

solutions. The specific interactions between the functional groups of the different 

polymers and the CaP substrates are also likely to play an important role in determining 

the features of the coatings. The COOH groups present in all polymers exhibit a high 

affinity for calcium. In addition to COOH group, the PEA and PEU polymers exhibit 

NH2 as terminal groups, which have chemical affinity towards phosphorous [59]. 

These affinities could justify also the enhanced interactions of the PEA and PEU with 

the CaP scaffolds.         

Regarding the mechanical properties, the coating significantly improved the CS. 

The vaccum impregnation allowed the an efficient filling of the defects, thus mitigating 

the crack propagation in the scaffolds. In this vein, instead of a layer-by-layer collapse, 

it was observed a deformation of the scaffolds with small and less pronounced cracks. 

Regarding the PCL coated scaffolds, the results are in agreement with those of Kim et 

al.[32]. The authors obtained an improvement of the mechanical properties by 2.09-fold 

upon the coating with 5 % PCL. In our study, the mechanical properties of the BCP 

scaffolds coated with 5 % PCL improved 2.95-fold. Although the CS values registered 

for the scaffolds coated with PEA are generally lower , the stress-deformation curves 

are more stable. This feature can be attributed to a better interaction between the PEA 

and the inorganic matrix (Figure 8). The higher values of mechanical strength were 

registered with PEU coating. For instance, an improvement by 4.70-fold was obtained 

for the BCP-6Sr2Zn scaffolds. Typically, the values of CS and YM of human trabecular 

bone vary between 0.116 MPa and between 50500 MPa, respectively [60]. Thus, the 

CS and YM registered for our composite scaffolds are respectively above, and below, 
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the lower limits of the ranges reported for trabecular bone. These relatively low values 

are understandable considering the intrinsically high porosity of the scaffolds. Further 

enhancements of mechanical properties are likely achievable by repeating the dipping 

process, while taking care for do not excessively compromising the porosity.      

The material capacity to bond the natural bone upon implantation is normally 

evaluated by immersion in SBF solution, which is recognized as a powerful technique 

to predicting the bioactivity of a material [61]. The apatite formation on the polymeric 

coated scaffolds is dependent on the functional group on the polymer surface. 

Negatively charged groups, like COO
–
, strongly induced apatite formation as they bind 

to Ca
2+

, which promote the apatite nucleation and growth. On the other hand, the apatite 

formation in the presence of positive groups, like NH3
+
, is significantly lower [62]. 

The four used polymers originate COOH groups during hydrolysis. However, for PEA 

the pH drop is very small because –NH2 groups are also formed, being a well-known 

advantage of these polymers. As consequence, a lower concentration of –COOH is 

available for complexation with Ca
2+

 and less amount of apatite is formed.    

 

5. Conclusions 

Raw CB was, for the first time, completely hydrothermally converted into 

undoped and ion (Sr
2+

, Mg
2+

 and/or Zn
2+

) doped BCP scaffolds while maintaining their 

internal structure. This transformation and the subsequent heat treatment removed the 

organic (-chitin) phase matrix existing in the raw CB, negatively affecting the 

mechanical properties of the scaffolds. To overcome this problem, different polymers 

(PCL, PDLA, PEA or PEU) were used to coat the scaffolds. The polymers did enhance 

the mechanical properties of the scaffolds. However, PEU was generally more effective 

in upgrading the compressive strength to values registered for human trabecular bone 
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(0.93 – 1.73 MPa). Moreover, after the polymeric coating the scaffolds exhibited a good 

in vitro bioactivity in SBF. These scaffolds are worthy of further investigation as 

potential candidates for bone tissue engineering applications.  
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Table Captions 

 

Table 1. Quantitative analysis obtained by Rietveld refinement of the different CB 

derived compositions 

 

Table 2. Planned and experimentally obtained molar concentrations of Sr, Mg and Zn 

in the BCP compositions.  

 

Table 3. Porosities (%) of raw CB and of the uncoated and coated BCP scaffolds 

derived from CB with polymer solutions containing 5 (w/v %), expect for PLA in which 

the concentration was reduced to 3 (w/v %).   

 

Table 4. Compressive strength (first row, MPa) and Young’s modulus (second row, 

MPa) of raw CB and the uncoated and coated BCP scaffolds derived from CB.   
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Table 1. Quantitative analysis obtained by Rietveld refinement of the different CB 

derived compositions.  
 
 
 
 
 
 

  

 

 

 

 

 

 

 

 

 

Table 2. Planned and experimentally obtained molar concentrations of Sr, Mg and Zn 

in the BCP compositions. 

 

 

 

 

 

  

 

 

 

 

  

Sample Concentration of Sr, Mg and Zn (mol%) 

Planned compositions ICP elemental analysis 

Sr Mg Zn Sr Mg Zn 

BCP 0 0 0 0.9 0.29 0.02 

BCP-6Sr 6 0 0 2.6 0.32 0.02 

BCP-6Sr2Mg 6 2 0 1.8 0.51 0.03 

BCP-6Sr2Zn 6 0 2 1.8 0.31 0.80 

BCP-

6Sr2Mg2Zn 

6 2 2 1.8 0.37 0.68 

Sample  wt.% of composition obtained 

by Rietveld refinement  

HA β-TCP 

BCP 47.75 52.25 

BCP-6Sr 49.23 50.77 

BCP-6Sr2Mg 29.45 70.55 

BCP-6Sr2Zn 33.00 67.00 

BCP-6Sr2Mg2Zn 47.85 52.15 
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Table 3. Porosities (%) of raw CB and of the CB-derived BCP scaffolds, uncoated and 

coated with polymer solutions containing 5 (w/v %), expect for PLA in which the 

concentration was reduced to 3 (w/v %).  

  

Polymer Raw CB BCP BCP-6Sr 
BCP-

6Sr2Mg 

BCP-

6Sr2Zn 

BCP-

6Sr2Mg2Zn 
 92.85±0.36 92.73±0.27 92.56±0.35 92.85±0.50 92.85±0.54 92.76±0.26 

PCL  89.56±0.66 89.04±0.15 89.66±0.37 89.27±0.52 89.27±0.08 
PDLA*  90.94±0.54 90.67±0.59 91.17±0.62 91.83±0.14 91.54±0.10 

PEA  91.27±0.03 90.61±0.12 90.86±0.36 90.74±0.56 90.78±0.02 
PEU  91.28±0.23 91.20±0.17 90.68±0.24 90.78±0.22 91.28±0.24 

 
 

 

 

 

Table 4. Compressive strength (first row, MPa) and Young’s modulus (second row, 

MPa) of the raw CB and the CB-derived BCP scaffolds uncoated and coated with 

polymer solutions containing 5 (w/v %), expect for PLA in which the concentration was 

reduced to 3 (w/v %).   

  

Polymer Raw CB BCP BCP-6Sr 
BCP-

6Sr2Mg 

BCP-

6Sr2Zn 

BCP-

6Sr2Mg2Zn 
 

 

1.63±0.07 0.21±0.02 0.20±0.02 0.40±0.02 0.20±0.01 0.36±0.02 

2.76±0.58  0.33±0.03 0.27±0.02 0.51±0.09 0.21±0.01 0.52±0.05 
PCL  0.62±0.06 1.42±0.06 1.28±0.12 0.67±0.07 0.46±0.04 

 1.22±0.24 2.10±0.29 2.22±0.31 1.29±0.08 0.66±0.05 
PDLA  0.70±0.02 0.63±0.04 0.96±0.07 0.63±0.10 0.61±0.05 

 1.26±0.16 0.98±0.16 1.35±0.17 1.01±0.22 1.01±0.13 
PEA  0.31±0.05 0.36±0.02 0.30±0.03 0.25±0.04 0.20±0.01 

 0.40±0.07 0.51±0.12 0.51±0.16 0.44±0.10 0.35±0.09 
PEU  0.93±0.13 1.73±0.25 1.12±0.10 0.94±0.06 1.05±0.12 

 1.31±0.23 2.61±1.01 1.57±0.20 1.59±0.23 1.54±0.18 
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Figure Captions   

 

Figure 1. Thermal analysis of raw CB.  

 

Figure 2. XRD patterns of BCP, BCP-6Sr, BCP-6Sr2Mg, BCP-6Sr2Zn and BCP-

6 r2Mg2Zn scaffolds sintered at 1200ºC. The diffraction pattern of β-TCP and HA 

standards, ICDD PDF 04-006-9376 and 04-015-7245, respectively, are also present for 

comparison purpose. Zoomed area within the 2θ range from 30-35º of the main HA and 

β-TCP peaks to show the effects of (a) Sr
2+

, (b) Sr
2+

 and Mg
2+

, (c) Sr
2+

 and Zn
2+

 and (d) 

Sr
2+

, Mg
2+

 and Zn
2+

 co-doping on the shift of the XRD peaks in comparison with 

undoped BCP.     

      

Figure 3. FTIR spectra of BCP, BCP-6Sr, BCP-6Sr2Mg, BCP-6Sr2Zn and BCP-

6Sr2Mg2Zn scaffolds (a) without polymer; and coated with (b) PCL; (c) PLA; (d) PEA; 

(e) PEU. The green and red lines correspond to the –PO4 and –OH groups, respectively. 

The blue lines correspond to the characteristic peaks of each polymer.  

 

Figure 4. Microsctructure of raw CB. (a, b) µ-CT images highlighting the 

interconnectivity and sigmoidal path of the pillars; SEM micrographs (c) showing the 

presence of β-chitin and (d) the detail of the pillar wall.  

 

Figure 5. SEM micrographs of the CB after HT transformation into BCP, BCP-6Sr, 

BCP-6Sr2Mg, BCP-6Sr2Zn and BCP-6Sr2Mg2Zn. 

 

Figure 6. SEM micrographs of the coated CB derived scaffolds (BCP BCP-6Sr, BCP-

6Sr2Mg, BCP-6Sr2Zn and BCP-6Sr2Mg2Zn) with the different polymers (PCL, PLA, 

PEA and PEU). 

 

Figure 7. (a) SEM micrographs highlighting the interactions between the CB derived 

scaffolds and the different polymers. (b) Viscosity as a function of shear rate of the 

polymeric solutions.   

 

Figure 8. Compressive strength of (a) raw CB and (b) the higher (BCP-6Sr2Mg, red 

line) and lower (BCP-6Sr2Zn, black line) obtained results after HT and sintering. 
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Figure 9. Representative result of the compressive strength of CB derived scaffolds 

after HT and coated with PCL, PLA, PEA or PEU: (A) BCP scaffolds; (b) BCP-6Sr 

scaffolds; (c) BCP-6Sr2Mg scaffolds; (d) BCP-6Sr2Zn scaffolds; (e) BCP-6Sr2Mg2Zn 

scaffolds.  

 

Figure 10. SEM micrographs of the different coated CB after soaking in SBF solution 

for 14 days.  
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Figure 1. Thermal analysis of raw CB.  
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Figure 2. XRD patterns of BCP, BCP-6Sr, BCP-6Sr2Mg, BCP-6Sr2Zn and BCP-

6 r2Mg2Zn scaffolds sintered at 1200ºC. The diffraction pattern of β-TCP and HA 

standards, ICDD PDF 04-006-9376 and 04-015-7245, respectively, are also present for 

comparison purpose. Zoomed area within the 2θ range from 30-35º of the main HA and 

β-TCP peaks to show the effects of (a) Sr
2+

, (b) Sr
2+

 and Mg
2+

, (c) Sr
2+

 and Zn
2+

 and (d) 

Sr
2+

, Mg
2+

 and Zn
2+

 co-doping on the shift of the XRD peaks in comparison with 

undoped BCP.          
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Figure 3. FTIR spectra of BCP, BCP-6Sr, BCP-6Sr2Mg, BCP-6Sr2Zn and BCP-

6Sr2Mg2Zn scaffolds (a) without polymer; and coated with (b) PCL; (c) PLA; (d) PEA; 

(e) PEU. The green and red lines correspond to the –PO4 and –OH groups, respectively. 

The blue lines correspond to the characteristic peaks of each polymer.  
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Figure 4. Microstructure of raw CB. (a, b) µ-CT images highlighting the 

interconnectivity and sigmoidal path of the pillars; SEM micrographs (c) showing the 

presence of β-chitin and (d) the detail of the pillar wall.  

 

 

 

 

 

 

 

 

 

Figure 5. SEM micrographs of the CB after HT transformation into BCP, BCP-6Sr, 

BCP-6Sr2Mg, BCP-6Sr2Zn and BCP-6Sr2Mg2Zn. Zoomed SEM micrographs of the 

(a) BCP, (b) BCP-6Sr, (c) BCP-6Sr2Mg, (d) BCP-6Sr2Zn and (e) BCP-6Sr2Mg2Zn.        

 

 

 

 

 

(a) (b)

(c) (d)
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Figure 6. SEM micrographs of the coated CB derived scaffolds (BCP BCP-6Sr, BCP-

6Sr2Mg, BCP-6Sr2Zn and BCP-6Sr2Mg2Zn) with the different polymers (PCL, PLA, 

PEA and PEU). 
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Figure 7. (a) SEM micrographs highlighting the interactions between the CB derived 

scaffolds and the different polymers. (b) Viscosity as a function of shear rate of the 

polymeric solutions.   

 

 

Figure 8. Compressive strength of (a) raw CB and (b) the higher (BCP-6Sr2Mg, red 

line) and lower (BCP-6Sr2Zn, black line) obtained results after HT and sintering.    
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Figure 9. Representative result of the compressive strength of CB derived scaffolds 

after HT and coated with PCL, PLA, PEA or PEU: (A) BCP scaffolds; (b) BCP-6Sr 

scaffolds; (c) BCP-6Sr2Mg scaffolds; (d) BCP-6Sr2Zn scaffolds; (e) BCP-6Sr2Mg2Zn 

scaffolds.  
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Figure 10 SEM micrographs of the different coated CB after soaking in SBF solution 

for 14 days.  
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Graphical abstract 
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Highlights 

 

 Full hydrothermal converting cuttlefish bones into doped biphasic calcium 

phosphates; 

 Scaffolds with highly interconnected porous structure suitable for bone ingrowth; 

 Synthesis of two new biopolymers, a poly(ester amide) and a poly(ester urea);  

 Coating with biopolymers to reinforce mechanical properties of sintered scaffolds; 

 New biopolymers offered > multi-functionalization efficacy than commercial ones. 
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