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Abstract

:

Bone substitute materials are placed in bone defects and play an important role in bone regeneration and fracture healing. The main objective of the present research is fabrication through the technique of 3D printing and the characterization of innovative composite bone scaffolds composed of polylactic acid (PLA), poly (ε-caprolactone) (PCL) while hydroxyapatite (HAp), and/or barium titanate (BaTiO3—BT) used as fillers. Composite filaments were prepared using a single screw melt extruder, and finally, 3D composite scaffolds were fabricated using the fused deposition modeling (FDM) technique. Scanning electron microscopy (SEM) images showed a satisfactory distribution of the fillers into the filaments and the printed objects. Furthermore, differential scanning calorimetry (DSC) measurements revealed that PLA/PCL filaments exhibit lower glass transition and melting point temperatures than the pure PLA filaments. Finally, piezoelectric and dielectric measurements of the 3D objects showed that composite PLA/PCL scaffolds containing HAp and BT exhibited piezoelectric coefficient (d33) values close to the human bone and high dielectric permittivity values.
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1. Introduction


Bone defects can be caused by accidents, tumor resection, genetic factors, or other pathological conditions. Although bone reconstruction is one of the most perfect healing procedures in the human body, in the case of large bone defects the intrinsic reconstruction by the organism is insufficient [1].



The treatment of bone defects using bone grafts is of particular importance in orthopedic, plastic, and maxillofacial surgery. The gold standard for treating large bone defects is autologous bone grafting in which bone is harvested from one site of the patient and transplanted to another site. However, this kind of implant has two main disadvantages: the limited amount of available bone and the surgical procedure required for bone harvesting, usually from the ilium or the calvarium. Allografts are grafts transplanted between genetically different individuals of the same species. Xenografts are bone transplants that are implanted to a person from a donor who belongs to a genetically different species. Allographs have the risks of immunoreactions and rejection while xenografts have the risk of disease transmission to the host [2,3].



The development of alloplastic materials that will exhibit osteoinductive properties and will be absorbed simultaneously with the formation of new bone led to the preparation of bone implants based on calcium phosphate (CP), such as CP cements or ceramics [4,5,6]. Furthermore, the range of other synthetic bone grafts includes metals, plastics, bioactive glasses, etc. [7].



In recent years there has been a strong interest in the manufacturing of smart implants for bone tissue engineering applications. The term “smart implants” refers to materials or constructs that indicate a reversible response to an external or internal stimulus such as pH, temperature, electric or magnetic field, mechanical forces, light, etc. This response enhances cell activity and induces tissue regeneration [8,9]. In the comprehensive review by Xia et al., new strategies of using magnetic materials for bone tissue engineering are described. For example, magnetic scaffolds containing superparamagnetic iron oxide nanoparticles (SPIONS) increase osteogenic differentiation, cell growth, and bone regeneration [10]. The effectiveness of magnetic field on bone tissue engineering applications depends on several factors, including the nature of magnetic nanoparticles, and the type of magnetic field (static or time-varying magnetic field) [11].



Another stimuli-responsive and non-invasive strategy used in bone tissue regeneration is based on light irradiation. The recent progress of light-responsive nanomaterials with applications in tissue engineering is reviewed by Wan et al. The light irradiation source is NIR light (700–1300 nm), which shows higher tissue penetration. NIR phototherapy for bone cancer treatment, is based on hyperthermia and can be used independently or in combination with NIR light-responsive nanoparticles. The most commonly used light-responsive nanomaterials include gold nanostructures, carbon-based nanomaterials (graphene, nanotubes), metal oxides, and sulfides such as magnetic nanoparticles, MOS2 nanosheets, etc. Incorporation of NIR light-responsive nanoparticles into 3D printed scaffolds combines the phototherapy of bone cancers with bone remodeling during therapy [12].



In addition to magnetic materials, soft materials in the form of temperature or pH responsive hydrogels are considered very important materials for bone repair. The main advantages of hydrogels are focused on their similarity with the extracellular matrix and their high biocompatibility since they are obtained from biogenic sources. Representative natural hydrogels include chitosan, alginate, gelatin, hyaluronic acid, etc. The drawback of these materials is their low mechanical properties and their low stability in aqueous solutions. However, chemically crosslinked hydrogels showed better mechanical properties and enhanced stability in aqueous media [13].



Finally, smart bone implant materials with piezoelectric properties have been developed during the last decades [14]. Piezoelectricity is a property of certain materials to convert mechanical vibration into an electric signal or inversely. The first observation on the piezoelectric properties of natural bone was reported by Fukada [15]. Next studies confirmed the generation of electrical potentials in bone and other hard tissues due to mechanical stresses and underlined the role of organic matrix on this behavior [16,17]. According to Khan et al., piezoelectric biomaterials can be classified as follows: (i) naturally occurring piezocrystals, (ii) piezoceramics like barium titanate, zinc oxide, hydroxyapatite, etc. (iii) piezopolymers like collagen, silk, poly(l-lactic acid) (PLLA), poly(vinylidene fluoride) (PVDF), etc., and (iv) piezocomposites [18]. The most commonly used piezoelectric materials for bone tissue applications include natural or synthetic polymers such as collagen, PVDF, etc., as well as inorganic materials like barium titanate, boron nitride, and zinc oxide [14,19]. For example, it has been shown that scaffolds composed of polylactic acid and exfoliated boron nitride (EBN) as filler are non-toxic with osteoblastic cells and also displayed osteogenic potential [20]. In another work, implants with ferroelectric BiFeO3 nanofilms significantly enhanced the in vivo osseointegration in a rat femur [21]. In addition, exposure of human adipose stem cells on electroactive membranes of b-PVDF promoted osteogenic differentiation [22].



Barium titanate (BT) has high dielectric permittivity and undergoes a phase transition from the tetragonal (ferroelectric) to a cubic (paraelectric) structure at Curie Temperature which is around 120 °C [23,24]. Due to its superior properties and biocompatibility, BT is the most common piezoelectric material used for biological applications. When BT is used in the form of nanoparticles wrapping with bioactive macromolecules or coating with polymers is needed to prevent barium migration from its surface. For example, glycol–chitosan stabilized BT nanoparticles showed good biocompatibility against rat mesenchymal stem cells [25].



Barium titanate can play an important role during new bone formation. It has been found that BT nanoparticles enhanced the osteogenesis of mesenchymal stem cells [26]. In another study, collagen/HAp/BT composites that were prepared by freeze-drying showed excellent osteoinductive properties on amniotic fluid cell cultures [27]. Furthermore, the addition of BT in titania ceramics increased their bioactivity [28].



Many studies have been performed to prepare multifunctional composites or ceramics based on BT. These materials combine the piezoelectric properties of BT with the bioactive properties of calcium phosphates, mainly of HAp, and are considered very promising materials for bone tissue engineering applications. HAp coating of porous BT scaffolds enhanced the in vitro bioactivity [29], while BT has been incorporated in injectable calcium phosphate bone cements and the materials showed good mechanical properties and high bioactivity and biocompatibility [30].



The methods used to produce composite bioscaffolds include cast molding, electrospinning, freeze-drying, etc. The main drawback of the above methods is that the control of pore size and shape, together with pore interconnectivity, is not adequate. Three-dimensional printing is a newly emerged technology able to fabricate bioscaffolds with controlled pore size and porosity and with complex architectures. Fabrication of 3D scaffolds can be achieved using different techniques. The most common techniques are fused deposition modeling (FDM), stereolithography (SLA), selective laser sintering (SLS), direct light processing (DLP), and binder jetting [31,32]. Today, 3D fabricated smart or multifunctional biomaterials are considered the next generation of biomaterials with a plethora of biomedical applications [18].



The main objective of the present study was fabrication of composite bioscaffolds using the 3D printing technique to combine the bioactive properties of HAp with the piezoelectric properties of BT. The above fillers were embedded in a polymeric matrix consisting of polylactic acid (PLA) and poly (ε-caprolactone) (PCL). Initially, filaments were manufactured and were characterized. The traditional FDM technique was used to prepare the composite bioscaffolds. All constructs were studied using structural, thermal, and morphological analysis techniques. Finally, the produced 3D constructs were characterized in terms of their piezoelectric and dielectric properties.




2. Materials and Methods


2.1. Materials


Polylactic acid in the form of pellets was purchased from Felfil (Felfil, Turin, Italy). Poly (ε-caprolactone) (average Mn 45,000) and barium titanate powder (<2 μm, 99.5% trace metals basis) were supplied by Sigma-Aldrich (Steinheim, Germany), while calcium chloride dihydrate and ammonium dihydrogen phosphate were supplied by Penta-Chemicals unlimited (Prague, Czech Republic). Dichloromethane (analytical grade) was obtained from Fisher Chemical (Springfield, NJ, USA). Hydroxyapatite crystals were prepared using the solution precipitation method with modifications [33]. Briefly, 1 L of CaCl2·2H2O solution (0.5 Μ) and 1 L of NH4H2PO4 solution (0.3 M) were added simultaneously dropwise into a 3 L beaker containing 500 mL of ultrapure water under magnetic stirring. The pH of the solution was maintained at 9–10 by the addition of ammonia solution (12.5%). The temperature of the reaction was kept at 70 °C while the system was under a nitrogen atmosphere to avoid carbonate formation. The precipitate, after aging for 24 h, was centrifuged at 4000 rpm for 10 min. The sediment was resuspended two times with ethanol, was centrifuged, and finally was dried at 200 °C for 48 h.




2.2. Fabrication of Filaments


Composite films with two different fillers contents (10 and 20 phr) of HAp and/or BT were prepared by using the solvent casting method [34]. The appropriate amounts of PLA and PCL were dissolved in dichloromethane and next HAp and/or BT powders were added under magnetic stirring. The suspension remained under stirring for 30 min and was next transferred into a 10 cm diameter Petri Dish and dried overnight. The dry film was cut into 4 × 4 mm flakes. Next, the flakes were fed into a single screw filament extruder’s hopper (Felfil, Turin, Italy). Composite filaments with dimensions of 1.74 ± 0.15 mm were produced using a 1.75 mm nozzle while the extrusion temperature ranged from 172 to 175 °C and the screw speed set at 6 rpm.




2.3. Bioscaffold Design and Fabrication


The 3D bioscaffolds were designed using TinkerCad 3D Design software. Next, the file was imported to the slicer software Cura (version 4.3.0). The dimensions of the object were set to 25 × 25 mm with a layer height of 0.2 mm and a total height of 0.8 mm. The printing architecture was set at rectilinear mode. Finally, 3D composite bioscaffolds were manufactured using a commercial fused deposition modeling (FDM) 3D printer (Wanhao, Duplicator i3 Plus) with a nozzle diameter of 0.4 mm. The nozzle temperature which controls the filament extrusion was set at 210 °C and the bed temperature at 40 °C.




2.4. Characterization of the Filaments and the 3D-Printed Objects


Thermal characterization was performed using Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA). For the DSC measurements, about 3 mg of samples were placed in aluminum crucibles, next were sealed hermetically, and were tested in a Q200 (TA Instruments, New Castle, DE, USA) apparatus from 25 to 300 °C at a heating rate of 10 °C/min and under nitrogen atmosphere at a flow rate of 50 mL/min. TGA measurements were conducted with a TG Q500 instrument (TA Instruments, New Castle, DE, USA). In the case of filaments testing, approximately 45 mg mass obtained from five different sites of each filament was placed in a platinum pan and heated over a temperature range from 25 to 900 °C at a heating rate of 10 °C/min, under synthetic airflow of 50 mL/min.



The morphological characteristics of the fillers, filaments, and the printed products were examined with Scanning Electron Microscope (SEM) using a Zeiss SUPRA 35VP instrument (Zeiss, Oberkochen, Germany) at an acceleration voltage of 10 kV equipped with an energy dispersive X-ray (EDX) analysis system. Samples were mounted on aluminum stubs using a conductive silver paste (RS 186-3600) and gold-coated before the examination. Furthermore, HAp crystals were examined using Transmission Electron Microscopy (TEM) (JEM 2100, JEOL, Akishima-Shi, Japan). The size of the crystals was measured from the corresponding SEM or TEM images using the image analysis software ImageJ.



The purity of raw materials and the crystallinity of filaments and printed objects were assessed by Powder X-ray Diffractometry (XRD) by using a D8 Advance instrument (Bruker AXS, Karlsruhe, Germany). Data were acquired with Ni-filtered CuKa1 radiation, operating at 40 kV and 40 mA at a scanning speed of 0.6 s/step and a step size of 0.02°. Phase identification was done by the Bruker software Eva.



Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) spectroscopy applied to assess possible interactions between polymers or polymers and filler materials. The spectra were recorded using an IRTracer-100 (Schimadzu, (Shimadzu, Tokyo, Japan) FTIR spectrometer equipped with the ATR accessory MIRacle™ Single Reflection (Madison, WI, USA). The spectra were acquired after 50 scans at a resolution of 4 cm−1 and in the spectral range between 550 and 4000 cm−1.



Tensile strength tests were carried out at room temperature on pure PLA and PLA/PCL filaments using an Instron universal testing machine (Instron 5582, Norwood, MA, USA) at a crosshead displacement rate of 5 mm/min. Tensile mechanical properties were calculated as a mean value of five specimens for each composition. Piezoelectric measurements were performed by a PM300 piezometer (Piezo Test LTD, London, UK). The longitudinal piezoelectric coefficient (d33) was measured by applying a force of 0.25 N at a frequency of 110 Hz.



Electrical response of nanocomposites was examined through Broadband Dielectric Spectroscopy (BDS) in the frequency range from 0.1 Hz to 10 MHz, using an Alpha- N Frequency Response Analyzer and a BDS 1200 dielectric cell both supplied by Novotherm System (Novocontrol Technologies, Hundsagen, Germany). The temperature set at 37 °C and was controlled by a Novotherm System. The number of measuring points during each frequency scan were 70. The calibration procedure was open terminal auto calibration as suggested by the Frequency Response Analyzer’s manufacturer.





3. Results and Discussion


3.1. Morphological and Structural Characterization of Fillers


Figure 1 depicts the morphological characteristics and the structural characterization of HAp and BT. Synthetic hydroxyapatite powder is composed of needle-like crystals with a mean length of 138.1 ± 16.4 nm and a width of 14.8 ± 2.2 nm (Figure 1a). The XRD pattern of HAp fits with the standard JCPDS 9-432 diffractogram showing that no other impurities are present (Figure 1b). The BT crystals showed a roughly round morphology. Their mean size was calculated at 0.76 ± 0.16 μm (Figure 1c). The diffraction peaks of barium titanate confirmed the presence of the tetragonal phase (Figure 1d). The tetragonal phase is characterized by the characteristic splitting of the diffraction peaks between 44° and 46° corresponding to (002) and (200) planes (Figure 1d insert) [35].




3.2. Mechanical Properties


Composite filaments constituted of PLA/10-10 were fragile and broken between the extruder gears making the 3D printing process impossible. To overcome this problem PCL at a quantity of 30% was added as a plasticizer. Figure 2 shows characteristic stress–strain (%) curves of PLA, PLA/PCL, and PLA/PCL/10-10 filaments. In all curves, the characteristics of elastic and plastic regions are observed while the values of maximum tensile strength, elongation at break, and fracture stress are clearly shown. The obtained data values are summarized in Table 1. The obtained value of Elastic Modulus at 2.2 GPa for pure PLA specimens is in good agreement with the values reported in the literature [36]. The mechanical behavior of PLA/PCL/10-10 is also shown in Figure 2. It is shown that the response of the filament containing PCL is different than the neat PLA. The Elastic Modulus is lower, the specimen fractures at lower strength, and after the maximum value necking deformation takes place. The above behavior shows that PCL acts as a plasticizer. This role is also emerged in the next paragraphs describing the DSC results in which the thermal properties of the PLA/PCL blends are presented.




3.3. Thermogravimetric Analysis


Thermogravimetric Analysis (TGA) is used to study the thermal stability of all preparations and to calculate the mass of fillers in composite filaments in comparison with the loaded amount. Figure 3 shows the TGA thermograms of all samples while the insert depicts the differential gravimetric analysis thermograms (DTGA) in the range from 250 to 450 °C which corresponds to the main thermal transition. The TGA graph of pure hydroxyapatite shows a continuous mass loss with a value of 3.1% at 550 °C. The mass loss is associated with absorbed water up to 200 °C, while at the range 200–400 °C it is due to the removal of lattice water. Mass loss in the range 200–550 °C is associated with the decomposition of hydrogen phosphate ions (HPO42−) into pyrophosphate ions (P2O74−) [37,38]. In contrast, the mass loss of pure BT at 550 °C is less than 0.2%.



The TGA and DTGA thermograms of neat PLA and PCL pellets together with the PLA/PCL filament are shown in Figure S1. In the case of pure PLA pellets, a single sharp peak occurs at 366.7 °C and is due to polymer degradation. The respective curve for the PCL pellets is obtained at 409.2 °C. The respective temperatures for the sample PLA/PCL are located at 360.3 and 394.2 °C. Previous works also reported that PLA and PCL thermally degrade also in a single step [39,40].



To compare the relative thermal stability between samples, the temperature in which the loss of total mass was 50% (T50%) was chosen. The results are listed in Table 2. It can be seen that the presence of HAp as filler or in combination with BT, especially at high loading amounts, improves the thermal stability of the composite filament. Data obtained from the DTGA curves corroborate the increasing thermal stability of the composites at high loading values.



Production of composite filaments can be performed using a twin-screw extruder with different heating zones. In this case, raw materials are mixed with the fillers into the hooper, and the composite filament finally exits from the orifice of the extruder’s nozzle. However, in the case of a single screw extruder, fabrication of homogenous composite filaments is usually difficult. To overcome this problem, different techniques have been developed. A common method is based on the film casting technique. The film casting technique using DCM as a solvent has also been successfully used by other researchers [20,41,42]. Results in Table 2 show that the calculated amount of HAp and BT is close to the initial loading. It should be noted that duplicate measurements were conducted at selected formulations and the mass difference between the same composition specimens at 550 °C was less than 1.2%. TGA results using the same method to prepare PLA/HAp filaments exhibited a deviation of about 1% to the loading concentration [42]. Other methods include the solvent-free method in which HAp is mixed with melted PLA, next cooled and shaped in pellets, and then the resulting pellet is cut into pieces and fed the extruder [43].




3.4. Scanning Electron Microscopy


Figure 4 shows the external and internal morphological characteristics of neat PLA/PCL and representative composite filaments. The external surface is characterized by a smooth texture, while in the case of HAp/BT/20-20 some tiny particles are observed (Figure 4a–c). The cross-section of the respective filaments also exhibits a homogenous structure (Figure 4d–f). In the case of pure PLA/PCL filaments, the cross-section images taken at higher magnification show the presence of droplets dispersed in the continuous phase (Figure 4g). The droplets can be attributed to PLA particles distributed in the PLA matrix [44]. Figure 4h,i show a homogenous distribution of particles in the polymeric matrix. A representative cross-section image of the PLA/PCL/20-20 composite filament is depicted in Figure 4j and the respective EDX mapping images for Ca and Ba are shown in Figure 4k,l. It can be observed that HAp and BT exhibit good dispersion in the polymeric matrix.



Figure 5 shows SEM images and digital photos (insert) of PCL/PLA and PCL/PLA/20-20 fabricated scaffolds. The neat PLA/PCL samples show a smooth surface while in the case of composites the surface exhibits a rough structure due to the presence of the fillers. The existence of roughness is beneficial since the performance of a biomaterial depends on its surface properties and topography [10]. It has been reported that surface properties such as roughness and surface energy enhance cell cellular proliferation and adhesion [45].



A regular array of square macropores is observed in both cases. The dimensions of the pores and the printed lines were measured from twenty SEM images using the image analysis program ImageJ. It was found that in the case of PLA/PCL objects, the mean pore size was 850.4 ± 48.5 μm while the mean diameter of the printed lines was measured at 393.3 ± 51.8 μm. Similar results were taken in the case of composite specimens. In the case of the PLA/PCL/10-10 objects, the values were 822.3 ± 19.6 μm and 397.2 ± 58.0 μm, respectively. The line width is close to the nozzle diameter which is 0.4 μm. However, the mean pore size is lower than the theoretical design in the 3D pattern, which is about 1.1 μm. This can be attributed to the deformation of the polymeric melt due to the low melting point of PCL. However, optimization of parameters such as flow rate and printing speed can lead to more precise printed pores in comparison with the designed 3D pattern.




3.5. X-ray Diffraction


The powder diffraction patterns of raw materials, filaments, and 3D printed composites are shown in Figure 6. Patterns containing BT show a high-intensity peak at 31.5° assigned to (110) planes. In the case of HAp/BT composites, the above peak suppresses the diffraction peaks assigned to the presence of HAp since the highest intensity peak of HAp appears at 31.7°. It is interesting to note that in both types of samples, BT exhibits the characteristic double peak in the range of 44° to 46°. This indicates that after two thermal treatments of BT that correspond to the preparation of the filaments and the 3D printing objects, the transition of tetragonal to a cubic structure at 120 °C is reversible.



Figure S2 shows the XRD patterns of all polymeric materials without the presence of fillers. The pattern of PLA shows a broad peak at about 15–16° indicating that PLA exist in orthorhombic structure [46,47,48]. It is interesting to note that PLA shows the same broad peak in filaments as well as in the printed objects, indicating that thermal treatment does not influence its crystallinity. The PCL pattern depicts two intense peaks at 21.4° and 23.8° that correspond to the (100) and (200) planes, respectively, belonging to the orthorhombic structure [49,50]. The above diffraction peaks of PCL are also present in the filaments and in the printed objects.




3.6. Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy


Attenuated Total Reflection-Fourier Transform Infrared spectroscopy (ATR-FTIR) was performed for the structural characterization of raw materials, as well as the filaments and the printed specimens. The FTIR spectrum of pure BaTiO3 (Figure 7a) shows a strong absorption peak at 551 cm−1 due to the vibration of Ti-O bond [51]. The spectrum of HAp shows an intense broad band at 950–1100 cm−1, with the maximum at 1022 cm−1. This is due to stretching vibrations (ν1 at 960 cm−1, ν3 at 1022 cm−1, and ν3 at 1088) of the phosphate groups in HAp. The double band at 559–602 cm−1 is also associated with bending vibrations (ν4 at 559 cm−1 and 602 cm−1) of the phosphate groups. The peak at 632 cm−1 is assigned to libration mode of hydroxyl group [52,53].



Regarding the neat polymeric materials, PLA and PCL (Figure 7b) have the same functional group (carbonyl, C=O) in their structure. The FTIR spectrum of PCL shows the characteristic peak at 1724 cm−1 due to carbonyl stretching vibration, while in the case of PLA the respective peak is located at 1751 cm−1. The spectrum of PCL also shows a characteristic band at 1238 cm−1 assigned to the asymmetric C-O-C stretching vibration. The peaks at 1165 and 1292 cm−1 are assigned to C-O and C-C stretching vibrations in the amorphous and crystalline state, respectively [54].



The FTIR spectrum of PLA, except the carbonyl peak, is characterized by peaks located at 868 cm−1 due to C-C stretching vibrations. The absorption bands at 868 and 754 cm−1 are characteristic for amorphous and crystalline states, respectively. The bands at 1268, 1182, 1130, and 1042 cm−1 are assigned to C-O stretching vibrations. Peaks at 1362, 1454, and 1382 cm−1 are assigned to C-H deformation including symmetric and asymmetric bending vibrations [55,56,57]. The assessment of the major peak of HAp at 1022 cm−1 in composite materials is not possible due to the overlapping with bands assigned to polymeric components (Figure 7c,d). The presence of HAp in the composites filaments or printed objects is confirmed by the absorption peaks at 559 and 602 cm−1; however, they are hardly observed. In the case of BT containing composites, an obscure broad peak at the edge of the spectrum can be observed. Comparing the spectra of composite materials with the neat or PLA/PCL samples, there are no significant shifts in absorption bands of the functional groups. This indicates that there is no chemical interaction between PLA and PCL or between fillers and polymeric matrices. It should be noted also that no evidence of thermal decomposition of PLA and PCL was observed since as previously reported both polymers decompose at temperatures much higher than 210 °C, which is the temperature of the nozzle orifice in 3D printer.




3.7. Differential Scanning Calorimetry


Differential Scanning Calorimetry was used to characterize all products and raw materials. The results of the first heating runs are shown in Figure 8. PLA pellets show an endothermic peak at 60.8 °C that corresponds to the glass transition temperature (Tg), an exothermic cold crystallization peak (Tc) at 106.6 °C, while the endothermic peak at 173.4 °C corresponds to the melting point (Tm). The melting point peak shows an asymmetrical shape due to overlapping peaks. In the case of PLA, this can be attributed to two different lamellae structures with different thicknesses. The thinner lamellae melt at a lower temperature than the wider counterpart. Another explanation is based on the melting-recrystallization mechanism in which the lower melting point is due to the initial amorphous phase, which is transformed, resulting in crystalline lamellae with a higher melting point [58]. Dichtl et al. reported the thermal transition temperatures of 3D printed objects manufactured using the FDM technique. Using commercial PLA filament, the glass transition, cold crystallization, and melting temperatures were measured at 57.8 °C, 127.8 °C, and 156.8 °C, respectively. These differences in comparison with the values measured in the present manuscript can be attributed to the differences in molecular weight or the presence of additives used in commercial filaments [59].



The thermal behavior of PCL pellets in the range between 25 to 200 °C presents a strong endothermic peak at 60.8 °C that corresponds to the melting point. The melting point of PCL is a crucial parameter to set the printing bed temperature. In our case, the bed temperature was set at 40 °C to eliminate PCL deformation of the printed parts. The DSC thermographs of PLA/PCL filaments and printed specimens show a decrease in Tg temperature of PLA in comparison with the neat PLA pellets. This shift can be attributed to the plasticizing effect of PCL [60].



Comparing the DSC graphs of filaments (Figure 8a) and printing objects (Figure 8b), the data obtained from the melting point peak show no significant changes. However, it is interesting to note that the cold crystallization temperature (Tc) of PLA is decreasing in PLA/PCL blends (sample 0-0) as well as in the presence of fillers, indicating that both act as nucleators and therefore the nucleation occurs at lower temperatures. The enhancement of the nucleation process in PLA in the presence of PCL has been reported previously [61].




3.8. Piezoelectric Measurements


The longitudinal piezoelectric coefficient (d33) was measured for all 3D printed specimens. Figure 9 shows the dependence of the piezoelectric coefficient as a function of HAp/BT composition. It can be seen that both HAp and BT increase the d33 value of the specimens. However, the presence of BT increases the d33 to much higher values than the respective samples containing HAp. All measured values are close to the reported values regarding HAp/BT composite or bone measurements. In particular, Zhang et al. prepared porous composite scaffolds with defined porosity and architecture. The piezoelectric coefficient of the samples HAp30/BT70 and HAp10/BT90 were 1.2 and 2.8 pC/N [62]. In another study, the d33 value of HAp/BT bioceramics was increased to a value of 6.8 pC/N by increasing the BT content to 100% [63]. Other works on 3D printed HAp/BT bioceramics report a maximum value of d33 at 3.08 pC/N. More specifically, piezoelectric properties of 3D printed HAp/BT porous bioceramic scaffolds were determined at different polarization conditions. Composition of scaffolds was 68% wt BT, 18% wt HAp, and 14% wt polyethylenemethacrylate before the sintering process [64].



Regarding the piezoelectric properties of bones, early studies reported a d33 value of 0.03 pC/N for horse femur and 6.6 pC/N for wet bovine bone tissue at pH = 5 [65,66]. Marino and Gross compared the piezoelectric properties of three hard tissues. They report values of piezoelectric constants of cementum, dentin, and bone at 0.027, 0.028, and 0.22 pC/N, respectively [67].




3.9. Dielectric Properties


In this study, the combination of the bioactive properties of HAp with a piezoelectric and high permittivity ferroelectric material, such as BT, was attempted. Figure 10 depicts the variation of the real and imaginary parts of dielectric permittivity with frequency at 37 °C, for all the types of the examined systems. The influence of the reinforcing phase becomes evident via the enhancement of (ε′) with filler content. The real part of dielectric permittivity increases with frequency diminishing for constant temperatures. This is expected since epsilon prime reflects the level of the achieved polarization. When the frequency is low, permanent and induced dipoles acquire sufficient time to align themselves parallel to the applied field. Figure 10 denotes that the effect of BT inclusions is more pronounced with respect to the effect of HAp.



In general, it is normally observed that the dielectric constant decreases as the frequency increase until a constant plateau value; this maximum value depends on the fact that beyond a certain frequency of the electric field, the dipoles are not affected by the alterations on the field. In the case of ionic crystals (e.g., hydroxyapatite crystal structure), the total polarization is electronic and ionic in nature. The hydroxyapatite crystal structure consists of vertically aligned OH− ions along the c-axis and Ca2+ and PO43− ions. This dipole moment of the hydroxyl ions is mainly responsible for the dielectric nature of hydroxyapatite. As in most cases, at low frequencies, polarization is fairly affected by the alterations of the field but at high frequencies, the heavy charge of positive and negative ions cannot follow the field variations; the dipole moment of the hydroxyl ions is unaffected by alterations on the field and therefore polarization decreases, resulting in the decrease of ε′.



The values of ε′ of the reinforced with HAp composites are attributed to the dipole moment of hydroxyl ions in HAp [68,69]. Concerning a binary system of two components varying significantly in permittivity values, one should expect that the permittivity of the whole system should increase monotonically with the concentration of the high permittivity constituent. Since dielectric permittivity of BT is much higher than that of PLA/PCL and HAp, the recorded behavior for the filler concentration up to 20 HAp/20 BT, in Figure 10 is quite understandable.



Specimens with the highest BT content exhibit relatively high values of losses (ε″), although the losses of the specimens with lower BT concentration can be considered as low. It could suggest that the employed fabrication procedure via 3D printing appears to be beneficial upon the reduction of dielectric losses.



Marino et al. measured the dielectric properties of bones containing different amounts of water in a frequency range from 105 to 103 Hz. The dielectric constant of the human cortical bone has been found to a very sensitive function of water content. The dielectric constant of dry human cortical bone is around 10. The measured dielectric constant of dry bone values is on average 5.7–6.5 [70]. Furthermore, composite scaffolds with potential applications in bone tissue engineering composed of chitosan and HAp prepared by coprecipitation from aqueous solutions. Dielectric permittivity measurements at 1 MHz, 1000 kHz, and 10 kHz are in the same range with values reported in the present study [71]. Finally, since polarization is proportional to the real part of dielectric permittivity (ε′) high values of ε′ results higher polarization in bioscaffolds and therefore can help bone regeneration.





4. Conclusions


In conclusion, 3D printed multifunctional PLA/PCL-based bioscaffolds that combine the bioactivity of HAp and the piezoelectricity of BT were fabricated using the FDM 3D printing technique. The filaments and the constructs were characterized in terms of morphology, structure, and thermal properties. Composite filaments were produced in a single screw extruder using flakes formed by the solvent casting method. The amount of fillers that was measured was in good agreement with the initially loaded amount. Additionally, it was found that the addition of PCL in the PLA matrix increases the elasticity of the filaments and influences their thermal properties by lowering the glass transition temperature of PLA. The used formulations produced 3D specimens with precise shape and structure. Morphological studies showed a good distribution of the fillers in the polymeric matrix. In this study, piezoelectric measurements were performed in the 3D constructs and the obtained values revealed that the composite scaffolds exhibited piezoelectric coefficient (d33) values close to the human bone. The incorporation of the HAp and BT nanoparticles significantly enhances the dielectric properties of the examined systems, while inducing their functional behavior. Dielectric permittivity increases with filler content and reduces rapidly with frequency. It is evident that all reinforced systems exhibit higher values of ε′ in comparison with PLA/PCL. In addition, the sample with 20 HAp/20 BT content exhibit highest dielectric permittivity values. This study provides fundamental knowledge on the formation and characterization of multifunctional scaffolds based on bioactivity and piezoelectricity. Although the obtained results are very promising for possible applications as bone defect fillers in the skeletal system, more research is needed to evaluate their in vitro and in vivo behavior. For example, cell viability and proliferation experiments or deeper studies are needed to check their in vitro biocompatibility.
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Figure 1. TEM image (a) and XRD pattern (b) of synthetic HAp crystals. SEM micrograph (c) and XRD diffractogram of BT crystals. The standard JCPDS files for HAp and BT are shown in Figures (b) and (d), respectively. 
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Figure 2. Stress–strain (%) curves for pure PLA, PLA/PCL, and PLA/PCL/10-10 filaments. 
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Figure 3. TGA (a,b) and DTGA (c,d) graphs of neat and composite filaments. 
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Figure 4. SEM images: External surface (a–c) and cross-section images (d–i) of neat PLA/PCL, PLA/PCL/10-10, and PLA/PCL/20-20 filaments, respectively. Image (j) shows a cross-section detail of the PLA/PCL/20-20 filament while images (k) and (l) show the elemental mapping for Ca and Ba, respectively. 
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Figure 5. SEM images and digital photos (insert) of PCL/PLA (a) and PCL/PLA/20-20 (b) fabricated scaffolds. 
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Figure 6. XRD graphs of filaments (a), 3D printed scaffolds (b), and pure HAp and BT powders. 






Figure 6. XRD graphs of filaments (a), 3D printed scaffolds (b), and pure HAp and BT powders.



[image: Applsci 11 04253 g006]







[image: Applsci 11 04253 g007 550] 





Figure 7. ATR-FTIR spectra of neat polymers (PLA and PCL) and polymer blends (a), inorganic fillers (HAp and BT) (b), composite filaments (c), and 3D printed scaffolds (d). 






Figure 7. ATR-FTIR spectra of neat polymers (PLA and PCL) and polymer blends (a), inorganic fillers (HAp and BT) (b), composite filaments (c), and 3D printed scaffolds (d).



[image: Applsci 11 04253 g007]







[image: Applsci 11 04253 g008 550] 





Figure 8. DSC thermograms of filaments (a) and printed specimens (b). Both graphs also contain the thermographs of neat PLA and PCL pellets. 
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Figure 9. Piezoelectric coefficient (d33) as a function of HAp/BT composition. 
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Figure 10. Real (a) and imaginary (b) parts of dielectric permittivity as a function of frequency at T = 37 °C for all studied systems. 
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Table 1. Mechanical properties of pure PLA, PLA/PCL, and PLA/PCL/10-10 filaments.
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	PLA
	PLA/PCL
	PLA/PCL/10-10





	Elastic Modulus (GPa)
	2.2 ± 0.1
	1.2 ± 0.2
	1.4 ± 0.1



	Tensile Strength (MPa)
	57.2 ± 6.2
	41.7 ± 3.7
	45.6 ± 2.5



	Elongation at Break (%)
	4.2 ± 0.7
	6.8 ± 1.6
	5.5 ± 0.8



	Fracture Stress (MPa)
	54.8 ± 6.1
	35.0 ± 5.3
	41.8 ± 3.1
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Table 2. TGA and DTGA data of pure and composite filaments.
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Sample

	
T50% (°C)

	
DTGA (°C)

	
Mass of Fillers (phr)




	
Loaded

	
Measured






	
PLA/PCL/0-0

	
360.1

	
360.3

	
0

	
0




	
PLA/PCL/0-10

	
362.6

	
358.3

	
10

	
9.86




	
PLA/PCL/10-10

	
371.6

	
365.5

	
20

	
19.62




	
PLA/PCL/10-0

	
374.2

	
374.7

	
10

	
9.58




	
PLA/PCL/0-20

	
375.2

	
370.4

	
20

	
17.92




	
PLA/PCL/20-20

	
382.1

	
366.1

	
40

	
39.51




	
PLA/PCL/20-0

	
371.8

	
368.9

	
20

	
19.46
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