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Abstract

:

Implanting scaffolds designed for the regeneration or the replacement of bone tissue damaged by diseases and injuries requires specially designed biomaterials that promote cell adhesion. However, the biodegradation rate of these scaffolds based on a single material is uniform. Four-dimensional printing appears to be a promising method to control this aspect by changing the shape and/or the intrinsic properties of 3D-printed objects under the influence of external stimuli. Two main classes of biomaterials and biocomposites based on biopolyesters, namely poly(lactic acid) (PLA) and poly(caprolactone) (PCL), were used in this study. Each of them was mixed with the inorganic filler hydroxyapatite (HA), which is a component of natural bone. The biocomposites and biomaterials were prepared using the melt extrusion process and then shaped using a 3D printer. Three-dimensional specimens showed a decrease in elongation at break and breaking strain due to variations of crystallinity. The crystallinity of irradiated samples increased slightly with irradiation and a new crystalline phase was observed in the case of the PLA. Four-dimensional printing of biomaterials using electron radiation shows great promise for bone tissue engineering based on biocomposite scaffolds and other medical applications.
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1. Introduction


The growing demand for more efficient bone tissue regeneration techniques fosters the development of new biomaterials with improved properties and additional functionalities. These biomaterials must comply with specifications addressing the needs for various properties including mechanical strength, biocompatibility and biodegradability. Made from polymers, ceramics and/or biocomposites prepared from both types of constituents, biomaterials designed for bone regeneration should also promote cell adhesion and cell proliferation. However, polymers exhibit low mechanical properties, and ceramics do not show acceptable degradation rates for implantable devices. That is why, by mixing the two of them, biocomposites take advantage of the benefits of each to potentially yield biomaterials with excellent mechanical and biological properties for bone tissue engineering.



The most common polymers used in implantable devices are polyesters due to their biocompatibility and their potential to control the degradation rate [1]. In tissue engineering, the most studied and used mineral fillers are hydroxyapatite (HA) [2], β-tricalcium phosphate (β-TCP) [3] and bioglasses [4], because they are close to the constituents of the natural bone. Three-dimensional printing seems particularly adapted to the fast fabrication of customized scaffolds for prosthetic and regenerative surgery [5]. In addition, it allows for the printing of complex structures that would not be possible with other manufacturing processes.



Four-dimensional printing is an emerging processing method that induces changes in the shape and/or intrinsic properties of 3D-printed objects under the influence of external stimuli [6]. Among the stimuli that could cause the change in shape, there was heat, which was highlighted by Wei et al. on PLA/benzophenone for shape memory behavior [7]. Using the same shape-changing mechanism, they also worked on composites of PLA and silver-coated carbon nanofibers using an electric field as an actuation method [8]. A solvent could be used eventually to elaborate a new 4D biofabrication strategy in order to print tubes with a diameter as small as that of the smallest blood vessels using hydrogels [9] The use of irradiation has also been considered by Zolfagharian et al. in a system containing polystyrene/chitosan/carbon black for shape memory behavior [10]. Concerning applications in tissue regeneration, 4D printing incorporates a time factor, which could further revolutionize bone tissue engineering. The biodegradation rate has always been an important parameter for the design of scaffolds in bone regeneration, specially regarding polymers. Indeed, PLA can take more than two years to biodegrade completely [11]. In our approach, the objective is to modulate the biodegradation of the polymer according to the needs of bone filling and in particular for bone regeneration. The use of biocomposites facilitates bone regeneration, but it is necessary to adapt the resorbability of the polymer matrix. Initial approaches have been made to match the biodegradation rate to the desired time [12].



It has been shown that the irradiation of biocomposites could affect the degradation rate through many studies. Rojdev et al. studied the radiation exposure of boron and carbon fibers with epoxy and concluded that degradation occurred in the system and might enhanced aging [13]. Olewnik-Kruszkowska et al., in their work, highlighted the fact that degradation rate of PLA composites was impacted by fillers and ultra-violet (UV) irradiation [14].



The goal of this study was to include in the fabrication process a radiation treatment that would result in a spatially controlled modulation of the rate of biodegradation of 3D-printed polymer-based scaffolds, as a consequence of cross-linking and scission effects that occur in irradiated polymers. In addition, gamma irradiation is also frequently used for sterilizing implants and prosthetic materials in the medical field [11].



In this study, poly(lactic acid) (PLA) and poly(caprolactone) (PCL) were studied as polymer matrices to further elaborate biocomposites with HA at different filler ratios. The purpose of this is to determinate the maximum filler ratio possible in order to study the influence of filler ratio on thermal properties and further mechanical properties. In this work, electron beam irradiation was used as an external stimulus to apply the 4D printing. Then, both polyesters were irradiated to evaluate the thermal, structural, and mechanical properties of the printed scaffolds under the influence of radiation dose.




2. Materials and Methods


2.1. Materials


PLA pellets were purchased from NaturePlast (Ifs, France). Reference PLE005 is an extrusion grade with the following technical characteristics: density 1.26, melt flow index (190 °C, 2.16 kg) 5–9 g/10 min, glass transition temperature around 60 °C, and melting temperature 170–180 °C. PCL powder was purchased from Perstorp (Warrington, UK). The reference Capa™ 6506 was provided with the following commercial characteristics: molar mass 50,000 g/mol, melt flow index (160 °C, 2.16 kg) 5.2–11.3 g/10 min, and melting temperature 58–60 °C. Spray-dried HA powder was provided from Medicoat (Etupes, France) at a granulometry between 45–150 µm, purity of 95%.




2.2. Biocomposites Manufacturing


PLA and PCL pellets were dried for 12 h at 60 and 40 °C, respectively, before processing. Compounds were prepared using melt extrusion process with BX10 extruder from Axon Plastics Machinery ab (Nyvång, Sweden). For PLA/HA, temperature was set from the feeding area to the die at 185/190/190 °C. Extruder screw rotation was maintained at 20 Hz. Concerning PCL/HA, temperature was set from the feeding area to the die at 95/95/95 °C. Extruder screw rotation was maintained at 20 Hz. Biocomposites were then stored in hermetic plastic bags at room temperature.




2.3. Printing Settings


PLA samples were manufactured using a 3D printer by means of the fused filament fabrication (FFF) process with a Raise3D N2 printer (Irvine, CA, USA). Idea Maker software was used to slice different profiles. The printer nozzle diameter was 0.4 mm and stayed the same for all samples to avoid any deviation. Printing temperature was set at 215 °C for the printer nozzle and 60 °C for the printer build platform and maintained throughout the process. Printing parameters such as printing speed were set at 50 mm/s with a layer thickness of 0.2 mm and line width of 0.4 mm.



PCL powder was manufactured in pellet form using the melt extrusion process at 95 °C and then printed using a 3D-printer pellet additive manufacturing (PAM) process with a PAM P-series printer from Pollen AM (Ivry-sur-Seine, France). A modified Cura software (by Pollen AM) was used to slice different profiles. The printer nozzle diameter was 0.4 mm. Printing temperature was set at 120 °C for the printer nozzle and 35 °C for the printer build platform. Printing parameters such as printing speed were set at 40 mm/s (close to 40 mm/s, because with this process, it was the extrusion speed and the material characteristics that determined the printing speed) with a layer thickness of 0.2 mm and 0.4 mm as line width. All samples were 3D printed in tensile test specimen type 5A to comply with the standard ISO 527-2 with a filling rate of 100%. The slicing profile used one outer shell and an alternating fill pattern of ±45° for all layers.



Biocomposites were shaped using the PAM process in a porous architecture of two layers with a layer thickness of 0.2 mm and 0.2 mm as the line width, containing pores of 0.4 mm. Printing parameters were adjusted based on the printing parameters of the polymer matrices.




2.4. Tomography


Architectural biomaterials obtained after printing were observed by tomography, which is a non-destructive technique, in order to observe the distribution of filler within the material. Morphological analyses were carried out twice by formulation using RX Solution EasyTom 150 computer-assisted X-ray tomograph. The parameters were set at a voltage of 60 kV, 166 µA in intensity, and 10 W in power, with 1440 X-ray images at two images per second for a voxel size less than 20 µm. Data were analyzed with X-Act software and Vg-studio.




2.5. Electron Beam Irradiation


All tensile tests samples were irradiated in passes of 10 or 25 kGy at most, between 10 and 100 kGy, with a 10 MeV electron beam from a pulsed Linac accelerator at an average dose rate of 15 kGy/s (IONISOS, Chaumesnil, France). Irradiated samples were then directly placed after irradiation in hermetic plastic bags and stored at 2 °C.




2.6. Thermal Analysis


The thermogravimetric analysis (TGA) was carried out by using a thermal analyzer TG 209 F3 Tarsus from Netzsch (Germany). TGA allowed us to evaluate the influence of the HA ratio of biocomposites pellets on the thermal degradation temperature, necessary for 3D printing. About 15 mg of the sample was put in a TGA pan and the analysis was performed from 30 to 600 °C with a heating rate of 10 °C/min. Nitrogen gas was used to keep an inert atmosphere at a flow rate of 20 mL/min.



Differential scanning calorimetry (DSC) allowed us to evaluate the influence of the radiation dose on the thermal and structural properties of irradiated tensile tests samples. It was performed using a DSC Q20 from TA Instruments (New Castle, DE, USA). About 10 mg was weighed in an aluminum pan. To maintain inert atmosphere, nitrogen gas was used with a flow rate of 50 mL/min. Samples were first heated from −80 to 200 °C with a heating rate of 10 °C/min to remove thermal history, then cooled down to −80 °C at a cooling rate of 10 °C. Then, the samples were reheated to 200 °C at 10 °C/min. TA Universal Analysis software allowed us to analyze the measurement data.




2.7. Tensile Tests


Tensile tests were conducted at room temperature using an Instron 3366 (Norwood, MA, USA) with a 10 kN load cell. Five specimens were 3D printed for each irradiation dose: 0, 10, 25, 50, 75 and 100 kGy. All samples had at the middle length a thickness of about 1.5 mm and a width of 4 mm. Traction speed was set at 10 mm/min and was kept constant throughout the tensile tests until the sample break. All data were then retreated to determine the Young’s modulus, breaking stress and elongation at break.



All the processes and characterizations of the biocomposites were shown in Figure 1.





3. Results and Discussions


At first, the influence of radiation treatment with high energy electron beam (EB) was evaluated based on thermal and mechanical properties of unfilled polymer matrices. DSC and tensile analysis were performed. Thus, 3D-printed PLA and PCL were first studied before starting the manufacturing of biocomposites. Then, manufacturing of PLA/HA and PCL/HA were elaborated and analyzed using TGA in order to determine the maximum filler ratio possible and control the amount of filler ratio in each compound produced.



3.1. Thermal Properties


Thermal properties of matrices were analyzed by DSC. Table 1 (PLA) and Table 2 (PCL) report all data from DSC curves from the second heating, including glass transition temperature (Tg), melting temperature (Tm), melting enthalpy (ΔHm) and degree of crystallinity (Xc).



The thermal history of samples was cleared with the first heating cycle. The first thing that could be observed in the second heating was the effect of irradiations on Tg. A regular decrease occurred from 58 to 51 °C for a radiation dose of 100 kGy. This diminution was mostly explained by the diminution of the molecular weight of exposed PLA samples, as shown by Malinowski et al. [15] and Loo et al. [16,17]. Due to changes in chain mobility induced by EB radiation, chain scission brings along greater mobility in macromolecules as the radiation dose increases, resulting in the appearance of Tg at a lower temperature. In the case of PCL, Tg remained stable, between 65 and 67 °C, indicating that irradiation had little effect on the length of the macromolecular chains of PCL.



The thermograms of the second heating of PLA and PCL are shown in Figure 2 and Figure 3, respectively. The endothermic peaks on thermograms were associated with the melting of each polymer. This second melting peak, in PLA, has put forward a phase transition in the printing process, resulting in a change in crystal structure. Le Marec et al. [18] studied the influence of melt processing conditions on PLA and put forward the formation of α’-form resulting to chain scission that occurred during the process. Only three different crystalline structures were identified in the past for PLA (α, β and γ) depending on the preparation conditions. However, Zhang et al. [19] observed another crystalline form that was close to the α-form and β-form. As in this study, the apparition of the exothermic peak before the melting peak concerned the phase transition of the β-form to a more stable form. Many studies showed and explained that the transition phase [20] leads to a co-existence of crystallites when it is crystallized below 90 °C [21]: α-form and metastable crystalline α’-form, which is called “disordered crystal”.



However, electron radiation had a significant effect on the co-existence of α and α’-form. DSC analysis showed a proportional variation between these crystallites with radiation dose. The proportion of α’-form increased at a higher radiation dose until obtaining an almost identical proportion of α and α’-form. The increase in α’-form in irradiated PLA also influenced melting peaks by decreasing them, starting from 169 and 176 °C, for non-irradiated 3D-printed PLA, to 158 and 165 °C for irradiated PLA at 100 kGy. Since PLA contained less stable form in its crystal structure, specific thermal peaks appeared at lower temperature.



By considering a melting enthalpy of 93 and 136 J/g, respectively for 100% crystalline PLA [22] and PCL [23], crystallinity could be extracted from DSC curves. Irradiations permitted to increase crystallinity of all samples, going from 56% for non-irradiated PLA to 66% for 3D-printed PLA at a radiation dose of 100 kGy. The increase in crystallinity with radiation doses was related to a well-known phenomenon such as chemicrystallization [24] who was also observed on polyhydroxybutyrate [25] and which is quite common in the case of aliphatic polyesters. Indeed, irradiation induced predominant scission reactions that reduce the average length of PLA chains. The whole material gains mobility. This facilitates the reorganization of the polymer chains and induces an increase in the crystallinity.



For PCL samples, as observed in the case of Tg, irradiation did not significantly affect the degree of crystallinity for doses up to 75 kGy. Then, a decrease of 4% in crystallinity was observed, which could be the result of an increase in cross-link density in the PCL. This result is in agreement with the observation that PCL chains are less modified at lower radiation dose.




3.2. Mechanical Properties


Mechanical properties were analyzed by tensile tests. Results of tensile tests are presented in Figure 4 and Figure 5 for 3D-printed PLA and PCL samples, respectively, as a function of irradiation doses. Considering standard deviations, the Young’s modulus of irradiated and non-irradiated samples varies very little and therefore seems to remain stable. As for PCL, at the highest radiation dose of 100 kGy, an increase up to 200 MPa could be seen. This increase in stiffness could be explained by a predominant cross-linking effect of the PCL chains, which has already been reported by Malinowski et al. [26].



The tensile stress at break of the printed PLA is around 40 MPa. When the PLA has been irradiated from 10 to 50 kGy, this stress is reduced by 8% (32–34 MPa) but is approximately stable at these doses. After irradiation at 75 and then 100 kGy, the stress at rupture seems to decrease more strongly, especially at 100 kGy, reaching 18 MPa. Regarding elongation at break, the radiation has the effect of decreasing this deformation in a linear manner, ranging from 7% to 2%. These results concur with those presented previously, i.e., with a reduction in the size of the chains and thus a degradation of PLA under irradiation, especially at high doses.



However, non-irradiated printed PCL had a tensile stress at break of 25 MPa and remained stable until a radiation dose of 25 kGy. Higher than this dose, a decrease was seen to reach less than 17 MPa after an irradiation at 100 kGy. Concerning the elongation at break, the tendency followed the same behavior than tensile stress at break. Indeed, the value of elongation at break was close to 1100% until a radiation dose of 25 kGy and was reduced when samples were treated with higher doses, to 500% for 100 kGy. These results are in agreement with the work of Malinowski et al. [26], who found a decrease in tensile stress at break and deformation at break of PCL with triallyl isocyanurate under electron radiation, and are consistent with the hypothesis of PCL cross-linking.



Therefore, electron radiations enabled the materials to maintain their elastic properties, but, on the other hand, the plastic properties greatly decreased at higher radiation doses. These effects were highlighted by Madera-Santana et al. [27] and West et al. [28] under gamma radiation on PLA. Chain scissions and oxidative degradation were the main reactions that occurred under irradiation, which implied a diminution of molecular weight by forming shorter chains and/or structures.



However, the lack of deterioration of mechanical properties on PCL under a low radiation dose could be the result of two competitive reactions, cross-linking and chain scission, at the same time. At a lower radiation dose, Darwis et al. [29] explained that cross-linking is predominant in PCL under gamma radiation up to 160 kGy, leading to an increase in mechanical properties. These results are in agreement with the study on PCL and silk fibroin fiber/PCL under EB irradiation from Li et al. [30] and Navarro et al. [31] in their work on PCL of different molecular weights.



Processing polymers with high energy radiation is known to induce modifications of macromolecular structure by competitive chain scission and cross-linking [32]. Results have shown that irradiation has an impact on the crystallinity and structure of polymers, which could affect the biodegradation rate [33]. However, depending on the radiation dose, the effects could be less visible, especially at lower radiation dose. PLA was mostly affected by irradiation, and the same phenomenon was observed in the work of Malinowski et al. [15], although this study put forward the crystal structural change upon irradiation.



Competition between chain scission and cross-linking occurred under irradiation, but, according to the radiation dose, one reaction can be predominant compared to the other. Darwis et al. [29] highlighted this phenomenon in the case of PCL, where it could be seen in mechanical properties, although our study was carried out in a small range of radiation doses compared to Darwis et al., where they studied a radiation dose of up to 600 kGy. However, γ-radiation and EB-radiation were used in bone tissue engineering specially for sterilization. The radiation dose necessary for sterilization was set at between 25 and 50 kGy and, similarly to the work of Bosworth et al. [34], the sterilization radiation dose was maintained throughout the study.




3.3. Thermogravimetric Analysis of Biocomposites


Pellets of biocomposites (PLA/HA and PCL/HA) were shaped by the melting extrusion process. Biocomposites of PLA/HA and PCL/HA were extruded with a filler ratio up to 60% and 70% (w/w), respectively. In order to control the amount of filler, TGA were performed on three pellets of each matrix. Residual mass determined the experimental filler ratio of HA. The results, reported in Figure 6, show that the experimental filler ratio was more accurate in the case of PCL biocomposites due to the mixture of powders, compared to PLA, which is a mixture of pellets and powder. This fact was observed because the mixing of the polymer/fillers was completed before incorporation into the extruder.



In addition, the onset of the thermal degradation temperature (To) was noted when 1% mass loss was seen and the temperature at the inflection point of the degradation curve (Ti) was at the maximum peak of the derivative form of TGA analysis. A linear decrease in the specific degradation temperature with the amount of HA was observed, with a loss of 20 and 34 °C at the maximum filler ratio in To for PCL and PLA, respectively. In the case of Ti, the results show a diminution of 83 and 74 °C for PCL and PLA, respectively. This effect was explained by the less stable structures of polymer matrices within the composites with the highest amount of ceramics, which induced this decrease in thermal properties. This trend was in agreement with the work of Akindoyo et al. [35] regarding PLA and its composites, with HA at 10% and Biomax® Strong 120.




3.4. Morphological Analysis of Biocomposites


Biocomposites of PLA/HA (20%) and PCL/HA (20%) were manufactured in porous architecture and the filler distribution can be observed in the material in Figure 7. HA particles are marked in green due to their higher density than PCL and PLA, which are accentuated in blue.



Fillers of HA presented a great distribution within the printed porous architecture. HA particles were not agglomerated in the center of the filament nor on the ends during the printing process. With the HA particles being well distributed, the mechanical and biological properties induced by the addition of fillers can be observed accordingly for the whole architecture. Furthermore, Figure 7a shows a roughness due to the presence of HA fillers which may be a positive point for cell adhesion in the bone reconstruction process [36].





4. Conclusions


In the case of PLA, the effects of EB radiation were revealed by thermal properties such as the glass transition temperature, which decreased with the dose due to predominant chain scissions that reduced the average chain length and induced higher chain mobility. Chemicrystallization was observed after the irradiation of PLA samples, with a significant enhancement of the degree of crystallinity. Moreover, the appearance of a second melting peak led to different crystalline structure in PLA, such as α and α’-form, where the proportion of the α’-form increased with the dose of absorbed radiation. This resulted in a loss of the mechanical properties by decreasing the maximum stress and elongation at break because of the shorter length of the PLA chains.



Regarding PCL, the effects of EB radiation were less visible because of the fewer chain scissions and more cross-linking processes that occurred in the polymer at the same time. The deterioration of mechanical properties was observed at a higher radiation dose when chain scission started to be predominant.



Concerning the manufacturing of biocomposites, a high filler ratio decreased the thermal degradation properties due to the less stable structures of polymer matrices. However, it was possible to produce biocomposites with a filler ratio of HA up to 70% (w/w), which can be 3D-printed afterward for bone-tissue engineering with a great distribution of HA particles.



Based on the positive results presented in this preliminary report, progress is still being made in the design of 4D-printed biopolymers by means of post-treatment with EB radiation. Studies on the dose-dependance of the biodegradation rate in irradiated biocomposite samples is underway. Scaffolds exhibiting a spatially controlled modulation of polymer structures and properties will be prepared by combining a selection of appropriate materials, printing parameters and post-fabrication irradiation.



In view of this work, the impact of irradiation on biocomposites should be studied. In addition, the application in tissue engineering requires biocompatibility and resorbability tests of biomaterials.
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Figure 1. Schematic diagram of the overall experimental section, from materials preparation to characterization tests. 
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Figure 2. Thermograms of the second heating run of 3D-printed PLA samples after EB treatment at various doses. 
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Figure 3. Thermograms of the second heating run of 3D-printed PCL samples after EB treatment at various doses. 
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Figure 4. Influence of EB radiation dose on 3D-printed PLA specimens: (a) Young’s modulus, (b) elongation at break, (c) max stress. 






Figure 4. Influence of EB radiation dose on 3D-printed PLA specimens: (a) Young’s modulus, (b) elongation at break, (c) max stress.



[image: Jcs 05 00182 g004a][image: Jcs 05 00182 g004b]







[image: Jcs 05 00182 g005 550] 





Figure 5. Influence of EB radiation dose on 3D-printed PCL specimens: (a) Young’s Modulus, (b) elongation at break, (c) max stress. 
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Figure 6. (a) Evaluation of mass residual in biocomposites. (b) Influence of ratio filler dose on the onset thermal degradation temperature To. (c) Influence of ratio filler on the temperature of the inflection point of the degradation curve Ti. 
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Figure 7. Evaluation of filler distribution in porous architecture of PCL/HA (20%) (a), PLA/HA (20%) (b), external view of porous architecture of PCL/HA (20%). 
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Table 1. Thermal properties obtained from DSC curves of PLA samples under EB radiation during the second heating.
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	Doses (kGy)
	Tg (°C)
	Tm1 (°C)
	Tm2 (°C)
	ΔHm (J/g)
	Χc (%)





	0
	58.2 ± 0.6
	169.8 ± 0.4
	176.5 ± 0.3
	52.1 ± 0.5
	56.0 ± 0.5



	10
	59.1 ± 1.7
	167.3 ± 0.9
	174.5 ± 1.5
	55.8 ± 4.4
	59.9 ± 4.8



	25
	57.5 ± 3.8
	165.8 ± 2.2
	172.2 ± 3.1
	60.5 ± 6.1
	65.1 ± 6.5



	50
	54.9 ± 1.8
	163.0 ± 0.7
	169.2 ± 0.7
	62.9 ± 1.4
	67.6 ± 1.5



	75
	51.9 ± 0.4
	160.4 ± 0.7
	166.6 ± 0.7
	63.7 ± 0.6
	68.5 ± 0.7



	100
	51.7 ± 0.7
	158.6 ± 0.3
	165.2 ± 0.3
	61.8 ± 1.6
	66.4 ± 1.8
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Table 2. Thermal properties obtained from DSC curves of PCL samples under EB radiation during the second heating ramp.
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	Doses (kGy)
	Tg (°C)
	Tm (°C)
	ΔHm (J/g)
	Χc (%)





	0
	−66.2 ± 0.9
	56 ± 0.5
	66.3 ± 1.5
	48.8 ± 1.1



	10
	−66.2 ± 0.4
	55.9 ± 0.2
	65 ± 1.1
	47.8 ± 0.8



	25
	−65.8 ± 1.6
	56.5 ± 0.4
	66.4 ± 0.5
	48.8 ± 0.4



	50
	−66.7 ± 0.3
	55.9 ± 0.2
	67 ± 1.4
	49.3 ± 1.1



	75
	−65.7 ± 0.4
	55.5 ± 0.1
	67.1 ± 0.5
	49.3 ± 0.4



	100
	−64.8 ± 0.4
	55.9 ± 0.2
	61.6 ± 1.4
	45.3 ± 1.1
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