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Abstract

:

Recently, three-dimensional printing (3DP) technology has been widely adopted in biology and biomedical applications, thanks to its capacity to readily construct complex 3D features. Using hot-melt extrusion 3DP, scaffolds for bone tissue engineering were fabricated using a composite of biodegradable polycaprolactone (PCL) and hydroxyapatite (HA). However, there are hardly any published reports on the application of the fused deposition modeling (FDM) method using feed filaments, which is the most common 3D printing method. In this study, we report on the fabrication and characterization of biocompatible filaments made of polycaprolactone (PCL)/hydroxyapatite (HA), a raw material mainly used for bone scaffolds, using FDM 3D printing. A series of filaments with varying HA content, from 5 to 25 wt.%, were fabricated. The mechanical and electrical properties of the various structures, printed using a commercially available 3D printer, were examined. Specifically, mechanical tensile tests were performed on the 3D-printed filaments and specimens. In addition, the electrical dielectric properties of the 3D-printed structures were investigated. Our method facilitates the fabrication of biocompatible structures using FDM-type 3DP, creating not only bone scaffolds but also testbeds for mimicking bone structure that may be useful in various fields of study.
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1. Introduction


Additive manufacturing (AM), also referred to as 3D printing (3DP), is a technology that is used to fabricate complex structures from 3D model data [1]. For this reason, 3D printing has been widely used in various fields, including machinery, architecture, automobiles, and electronics [1,2,3]. In recent years, the 3DP of biomaterials or biocompatible materials has been actively investigated, including in biology and biomedical applications [4,5,6]. Accordingly, various biomaterials or biocompatible materials that are suitable for 3D printing have been developed [7,8]. For printing these biocompatible materials or biomaterials, several types of 3D printer have been used, such as fused deposition modeling (FDM), stereolithography (SLA), and digital light processing (DLP). However, there is a limited choice of biocompatible materials available for 3DP, and it is even more difficult to find suitable materials for FDM 3D printing, the most widely used 3D printing method. Thus, development of biocompatible 3DP filament for FDM 3D printers can promote and expand the application of FDM 3DP for bioengineering and biomedical research. Specifically, this method can be useful for the preparation of personalized bone scaffolds and artificial bone testbeds.



Used in tissue engineering, a bone scaffold promotes bone cell migration, which is important for vascularization and bone in-growth, and also provides temporary mechanical support to fractured or injured sites [9,10]. To be adoptable as a bone scaffold, however, the material must be self-degradable without producing toxic byproducts [9]. For bone scaffold fabrication, composites of hydroxyapatite (HA) and polycaprolactone (PCL) have been widely used. HA has a similar composition to native bone and has been used in various biomedical applications, for example, as a bone scaffold, as a filler, as an implant coating and as a drug delivery system, due to its osteoconductive and biocompatible properties [11,12,13]. HA is an essential material for bone scaffolds, as it shares 70% of the native bone’s composition; however, its brittle nature limits its use as a scaffold [12,13]. PCL is also a widely used biocompatible and biodegradable polymer [13], which makes it similarly suitable for various biomedical applications, such as bone scaffolds or long-term implantable drug delivery systems. [14]. Thus, PCL is generally used together with HA to provide the appropriate mechanical strength required for a scaffold [13,15,16]. For the fabrication of bone scaffolds using a PCL/HA composite, various fabrication methods, such as salt leaching [13], thermally induced phase-separation (TIPS) [15], and 3D printing [17,18] have been employed. Briefly, salt leaching is a method of fabricating a porous structure by pouring composites mixed with NaCl particles into a mold to make a shape, then rinsing it in water to remove the NaCl. The TIPS process is a method of removing the solvent by freezing the composite solution into a gel and soaking it in excess cold water. Both methods are suitable for fabricating well-defined porous structures, but it is difficult to readily create customized structures. Among these fabrication methods, 3D printing is the best at facilitating the formation of complex structures, as well as customized scaffold preparation. Thus, several 3D-printed scaffolds have been reported over the years [11,16,19,20,21,22,23,24,25,26,27]. However, the aforementioned FDM (fused deposition modeling) 3DP method is rarely used to fabricate scaffolds, even though it offers several advantages over other 3DP methods, such as versatility, convenience, and accessibility [4,5]. It is because there are no PCL/HA composite filaments available for FDM 3DP, to the best of our knowledge.



In this work, we report on the fabrication of PCL/HA composite filaments for FDM 3DP and demonstrate the mechanical and electrical properties of the filaments and the printed specimens. Specifically, filaments with a varying HA contents of 5, 10, 15, 20, and 25 wt.% were produced, and the mechanical properties of these filaments, as well as the 3D-printed specimens produced with them, were evaluated. In addition, the dielectric constant of various PCL/HA composites–a parameter not previously reported on in the literature–was also measured, in order to assess the potential application of this material as a bone mimetic testbed for implantable wireless devices. Lastly, using the composite filaments developed in this work, bone scaffolds and mimetic bones were fabricated using a typical FDM 3D printer.




2. Materials and Methods


2.1. Materials


PCL and HA nanopowder were purchased from Sigma-Aldrich (Sigma-Aldrich: St. Louis, MO, USA), and N,N-Dimethylformamide (DMF) was purchased from Daejung.




2.2. Methods


2.2.1. Fabrication of PCL/HA Composite Filaments


The process of synthesizing PCL/HA composite flakes is displayed in Figure 1. First, separate solutions of PCL and HA dissolved in DMF were prepared, and stirred overnight at 100 °C. During the stirring process, the beakers containing both solutions were sealed with aluminum foil to prevent evaporation of the DMF solvent. Next, both solutions were mixed in the same container, then stirred for 60 min, before being ultrasonicated in a sonication bath for 30 min. Following this, the PCL/HA composite solution was divided into small containers. To evaporate the DMF from the solution, the container was heated to 100 °C and the solution was stirred until the DMF had completely evaporated. Once the PCL/HA composite solution had solidified, the container was sonicated to separate the solidified flakes from the beakers. Lastly, the PCL/HA composite was cut into small pieces and dried at room temperature.



Using the synthesized PCL/HA composite flakes, 3D FDM filaments were fabricated using a Filabot EX2 extruder with a 1.75 mm extrusion nozzle, as shown in Figure 2. Instead of air cooling the extruded filaments, we used a water bath to rapidly cool them down, thus minimizing thermal deformation. The composite flakes loaded in the extruder were extruded as a PCL/HA composite filament, and the extruded filament was guided to a drive wheel, which was then wound at a constant speed. All the filaments of varying composition were extruded at 100 °C, and the dial speed of extrusion and spooler was adjusted until the diameter of the filaments became uniform.



The morphology of the extruded filaments was evaluated, using a scanning electron microscope (SEM) to identify whether filaments had been fabricated without voids, which can greatly affect the quality of the 3D printout. Before loading into the SEM, the filaments were Pt-sputtered and observed at 10 keV. Filaments of varying composition were cut into 8 cm pieces for tensile testing using a custom-built bending machine. The stress was recorded at steps of 0.5 mm.




2.2.2. 3D-Printed Films Using Fabricated PCL/HA Composite Filaments


To print 3D specimens from the fabricated filaments, they were fed into a 3D printer (Dr. Invivo 4D2, ROKIT Healthcare: Seoul, Korea) with a 0.4 mm nozzle. The 3D printer settings were optimized for each filament. All the filaments used in this work were printed at a printing temperature of 130 °C, a bed temperature of 30 °C, a fill density of 100%, a layer height of 0.1 mm, an infill rotation angle of 90°, and a travel speed of 10 mm/s. However, the input flow was different for each composite filament (Table 1). X-ray diffraction (XRD) analysis was conducted to identify the XRD pattern of the PCL/HA composites. The specimens for XRD analysis were printed to the dimensions of 20 mm(L) × 20 mm(W) × 2 mm(T). The tensile tests were performed using 3D-printed specimens with dimensions of 30 mm(L) × 5 mm(W) × 0.5 mm(T). The stress vs. strain was recorded at 0.5 mm steps. The dielectric constant was measured by varying the HA content and specimens for this were prepared with dimensions of 15 mm(L) × 15 mm(W) × 5 mm(T).






3. Results and Discussion


3.1. Morphology of PCL/HA Composite Filaments


Figure 3 shows the cross-sectional SEM images of the fabricated filaments with different HA wt.%s. As noted, voids in the filament can cause malfunctions during the extrusion process, resulting in porous and deformed 3D printouts. In the inset images, a circular shape was observed in the cross-section of all filaments, without any notable deformation. In addition, we examined the cross-section of multiple samples of each filament and did not observe any voids in the filament structure. Therefore, all the fabricated filaments were suitable for FDM 3D printing. However, a slightly rough surface with a root mean square average height of 162 nm, as measured by atomic force microscopy, was observed on the surface of the cross-section of the filament with 25 wt.% HA, in contrast with the filaments with a lower HA content.




3.2. XRD Characterization


The phase of the PCL/HA composite filaments was analyzed by means of XRD, as shown in Figure 4. HA exhibited weak intensity peaks, due to its relatively poor crystallinity [13], but the observed intensity peaks still corresponded to the characteristic peaks of HA. On the other hand, relatively strong intensity peaks were observed in PCL, compared to HA, due to its semi-crystalline nature. PCL exhibits two strong diffraction peaks at Bragg angles 2θ = 21.3° and 23.6° [28], and our peaks demonstrated the same result. Thus, in the XRD patterns of the PCL/HA composites, both characteristic peaks can be clearly observed. However, it can be seen that as the wt.% of HA in the PCL/HA composite increased, the intensity peaks corresponding to PCL decreased. Therefore, the XRD analysis indicates that the PCL/HA composite filaments were correctly synthesized and there was no change in their properties during the filament fabrication and 3D printing processes.




3.3. Mechanical Properties of PCL/HA Composite Filaments and 3D-Printed Films


Figure 5a shows the tensile stress–strain curves of the fabricated composite filaments. As noted, HA has poor mechanical properties, and both tensile strength and fracture strain decrease as the HA content in the composite filament increases. A PCL/HA composite filament with 30 wt.% HA was also fabricated, but was too brittle to be used as a filament. Indeed, the PCL/HA composite filament with 30 wt.% HA displayed a drastic reduction in tensile strength and fracture strain. Thus, the 30 wt.% HA composite was excluded from the potential filament options covered in this work. The mechanical properties of the variously composed PCL/HA composite filaments are summarized in Table 2.



Next, using the prepared filaments with HA contents of 5 to 25 wt.%, thin films with a thickness of 0.5 mm were printed for testing. Figure 5b shows the stress–strain curves of the 3D-printed thin films; the results are consistent with those observed from the tests with the filaments. It can be noted that curves of the PCL/HA composite filaments with a 5 and 10 wt.% HA content are non-linear, which is attributable to the ductile nature of PCL. The mechanical properties of 3D-printed thin films are summarized in Table 2.




3.4. Electrical Properties


Recently, bone-implantable wireless devices have been actively investigated [29,30]. Bone mimetic platforms are necessary for evaluating the performance of such devices. PCL/HA composite filaments can be potentially used to build such platforms, and the dielectric properties of the composite structure is one of the key parameters that must be known. However, the dielectric properties of PCL/HA composite structures have yet to be reported. To find the dielectric constants and losses in structures fabricated with PCL/HA composite filaments, structures with dimensions of 15 mm(L) × 15 mm(W) × 5 mm(T) were printed. Each structure was printed with 100% filling density, because a porous structure may reduce the dielectric constant. Figure 6a shows the measured dielectric constants of the PCL/HA composite structures with varying HA content. As the wt.% of HA increased, the dielectric constant of each structure increased proportionally, although difference was not significant in the measurement frequency, since the molecules in the structure cannot respond to frequency changes in the GHz range. The dielectric loss was small, close to zero, as shown in Figure 6b.




3.5. Bone Scaffold Printing with PCL/HA Composite Filaments


Figure 7 shows examples of a 3D-printed bone scaffold and a bone mimetic fabricated using filaments with 20 wt.% and 15 wt.% HA, respectively. Both 3D models were designed using 3D CAD software (Solidworks). In general, a scaffold should have a porous structure to allow bone formation and vascularization. Therefore, we designed the scaffold to have a pore size of 1200     μ m   , a common pore size used for bone scaffolds [31,32]. The bone scaffold and bone mimetic structure had dimensions of 15 mm(L) × 15 mm(W) × 3 mm(T) and 35 mm(L) × 13 mm(W) × 8 mm(T), respectively. The 3D-printed scaffolds had a maximum error of 0.54 mm, which is an acceptable level of dimensional error for scaffold fabrication. It is noted that a solid structure with the same dimensions exhibits a maximum error of 0.25 mm. Thus, the filaments developed in this work can be used to make more complex structures. In addition, since the mechanical properties of bones vary with age, size, and structure, the required mechanical properties of bone scaffolds are also expected to differ slightly from one application to the next [33]. In response to this, PCL/HA filaments can be used to provide the required mechanical properties by adjusting the composition and level of porosity. The PCL/HA composite filaments can also be useful in fabricating bone mimetic testbeds and artificial bones.





4. Conclusions


In summary, we fabricated PCL/HA composite filaments with HA contents of 5, 10, 15, 20 and 25 wt.%, and used them to print bone scaffolds and bone mimetic structures using a general FDM-type 3D printer. The morphologies and compositions of the PCL/HA composite filaments were investigated by means of SEM and XRD analysis, and a uniform filament structure and composition was confirmed. In addition, the mechanical properties of the filaments, and those of the specimens written with the fabricated filaments, were examined. We also measured their dielectric properties in the GHz range, to assess the composites’ potential use as a bone-mimicking testbed for the evaluation of bone-graft-type radio devices.
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Figure 1. Schematic of the PCL/HA composite flake preparation steps. Photograph showing the PCL/HA composite flakes after evaporating the solvent from the composite solution. 
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Figure 2. Photographs of Filabot EX2, consisting of spooler, water bath, and extruder (top). Fabricated filaments with various HA wt.% produced using the above filament extruder (bottom). 
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Figure 3. Cross-sectional SEM images of the fabricated filaments containing various HA wt.%. The insets show the overall shapes of the filaments at a low magnification. 
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Figure 4. XRD patterns of the PCL/HA composites. Characteristic peaks corresponding to HA and PCL can both be observed in the PCL/HA composite filaments. 
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Figure 5. Tensile stress–strain curve of (a) fabricated filaments. (b) 3D-printed specimen. 
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Figure 6. (a) Dielectric constant and (b) dielectric loss of the 3D-printed thin film with the PCL/HA composite filaments. 
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Figure 7. (a) 3D-printed bone scaffold and (b) bone mimetic structure. 
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Table 1. 3D printing settings for each PCL/HA filament.
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	PCL/HA Composite
	Temperature [°C]
	Input Flow [%]





	PCL/HA 5 wt.%
	130
	175



	PCL/HA 10 wt.%
	130
	140



	PCL/HA 15 wt.%
	130
	110



	PCL/HA 20 wt.%
	130
	150



	PCL/HA 25 wt.%
	130
	130
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Table 2. Mechanical properties of the PCL/HA composite filaments and 3D-printed PCL/HA composite thin films.
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PCL/HA Composite

	
Filament

	
Thin Film




	
Tensile Strength (MPa)

	
Fracture Strain (%)

	
Tensile Strength (MPa)

	
Fracture Strain (%)






	
PCL/HA 5 wt.%

	
25.91

	
7.5

	
15.40

	
21.7




	
PCL/HA 10 wt.%

	
22.90

	
6.3

	
14.31

	
16.7




	
PCL/HA 15 wt.%

	
18.24

	
5.6

	
13.83

	
13.3




	
PCL/HA 20 wt.%

	
17.67

	
5.0

	
11.69

	
11.7




	
PCL/HA 25 wt.%

	
15.15

	
4.4

	
9.44

	
10.0




	
PCL/HA 30 wt.%

	
10.25

	
2.5

	
-

	
-
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