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Abstract

:

In this study, specific additives were incorporated in polyhydroxyalcanoate (PHB) and polylactic acid (PLA) blend to improve its compatibility, and so enhance the cell metabolic activity of scaffolds for tissue engineering. The formulations were manufactured through material extrusion (MEX) additive manufacturing (AM) technology. As additives, petroleum-based poly(ethylene) with glicidyl metacrylate (EGM) and methyl acrylate-co-glycidyl methacrylate (EMAG); poly(styrene-co-maleic anhydride) copolymer (Xibond); and bio-based epoxidized linseed oil (ELO) were used. On one hand, standard geometries manufactured were assessed to evaluate the compatibilizing effect. The additives improved the compatibility of PHB/PLA blend, highlighting the effect of EMAG and ELO in ductile properties. The processability was also enhanced for the decrease in melt temperature as well as the improvement of thermal stability. On the other hand, manufactured scaffolds were evaluated for the purpose of bone regeneration. The mean pore size and porosity exhibited values between 675 and 718 μm and 50 and 53%, respectively. According to the results, the compression stress was higher (11–13 MPa) than the required for trabecular bones (5–10 MPa). The best results in cell metabolic activity were obtained by incorporating ELO and Xibond due to the decrease in water contact angle, showing a stable cell attachment after 7 days of culture as observed in SEM.
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1. Introduction


Nowadays, additive manufacturing (AM) technologies are considered one of the most crucial manufacturing methodologies. The freedom in terms of design for obtaining complex structures, easy and fast designing, low-cost as well as rapid prototyping, are examples of the main advantages of this technology [1]. Among the available AM techniques, the material extrusion (MEX) is, by far, the largest employed, which can also be found or known as 3D printing in general [2]. Over the recent years, this has been applied to different sectors, such as the automotive, construction or biomedical sectors. The latter has gained more interest due to the worldwide issue that the social population is facing. The increase in bone fractures because of diseases or accidental injuries, particularly for the older population, has increased the need to regenerate and repair the bone tissue [3]. For instance, bone fractures occurred every 20 seconds as a consequence of osteoporosis in people over 50 years [4].



In order to overcome this social issue, MEX has emerged to present the capability to design and manufacture customized scaffold for tissue engineering or prostheses, among others [5]. Even though petroleum-based polymers, such as polyethylene (PE), have been widely used in implant applications because they are biologically inert polymers [6], the current trend focuses on biocompatible and biodegradable/bioresorbable polymers once the bone has grown. The bioresorbability of polymers gives them the ability to degrade into by-products that are non-toxic and are eliminated by natural pathways [7]. These types of polymers are targeted to fabricate temporary implants, which avoids the need for a second intervention for its removal [8]. Among the polymers for tissue engineering, the most used are polycaprolactone (PCL) and poly(lactic acid) (PLA). On one hand, PCL is a synthetic biomaterial that is usually applied to long-term applications since its hydrophobic behaviour make it more stable for reabsorption by the human organism [9]. On the other hand, PLA, which is a biopolymer produced by fermentation from renewable resources such as sugar cane or corn, is more easily reabsorbable for its better hydrophilicity compared to PCL [10]. The use of PLA is approved by the US Food and Drug Administration (FDA) for clinical and biomedical applications [11]. Nevertheless, PLA present some disadvantages that must be addressed in order to manufacture efficient scaffolds; for example, the insufficient cellular adhesion on its surface and low osteoconductivity [12]. In addition, despite being a biocompatible polymer, the PLA degradation process can generate an inflammatory response and toxicity because of the release of acidic species [13]. As an alternative polymer for tissue engineering, the polyhydroxyalkanoates (PHAs), in particular polyhydroxybutyrate (PHB), are gaining more interest for their renewable origin, biodegradability and compatibility with the human body, leading to support cell growth in tissue formation. In fact, PHA degradation has shown a less inflammatory response than PLA [14] as well as a degradation rate that is suitable for the development of scaffolds. However, PHB exhibited an inherent high degree of crystallinity that make it brittle as well as having a poor narrow processing window and processability.



The blending process is a promising proposal to enhance PHB properties. In this sense, the incorporation of PLA has been studied to improve processibility during the 3D printing process and thermal stability [15]. Regarding the degradation in vitro for tissue engineering, it has also been reported that the PHB/PLA blend leads to a more uniform enzymatic degradation compared to the pristine polymers individually, which is of great benefit [16]. Then, despite that PHB/PLA blend present good compatibility and bioreabsorbable capacity required to be used as scaffolds, there is still a need to improve its brittleness [17]. The incorporation of additives that act as compatibilizers or plasticizers is a proposal that has been carried out for researchers to improve the PLA/PHB blend. On one hand, the use of reactive compatibilizers is a current strategy to enhance the properties of blends. Mokrane et al. [18] reported the improvement of compatibilization in PLA/PHBHHx (75/25 wt%) blend reinforced with halloysite nanotubes (HNTs) and the addition of maleic anhydride as a compatibilizer. In other studies, dicumyl peroxide was incorporated in a PLA/PHB blend (75/25 wt%) during its processing in order to improve the miscibility of the blend, resulting in better thermal stability as well as enhancement of its mechanical properties [19]. On the other hand, the use of modified vegetable oils has gained more interest over the recent years due to their renewable origin and the presence of reactive groups within the chemical structure. It has been reported that its incorporation can provide both a plasticizer and compatibilizer effect, resulting in the improvement of miscibility and ductile properties [20]. For instance, Lopera-Valle et al. [21] employed epoxidized canola oil (ECO) at 5 and 10 wt% in a PHB/PLA blend (3:1), which showed that ductile properties increased as the ECO content was higher. However, to the best of our knowledge, there is not much literature about the effect of additives in the blend of PHB-rich phase (75 wt%) and PLA (25 wt%) and less for printing scaffolds by means of additive manufacturing in the tissue engineering sector.



Therefore, the aim of this study is to develop new biocomposites to be applied in 3D printing and to evaluate the effect of specific additives that have not been used before in a blend of PHB-rich phase with PLA in order to improve their compatibility for developing scaffolds. Concerning the additives, both petrochemical and bio-based compatibilizers have been employed for this purpose. Poly(ethylene-co-glycidyl methacrylate) (EGM), poly(ethylene-co-methyl acrylate-co-glycidyl methacrylate) (EMAG) and a random copolymer of styrene and maleic anhydride (Xibond) were selected to improve the interactions of PHB/PLA due to its functionalities. These are compared with a bio-based epoxidized linseed oil (ELO) that contains epoxy groups. First, the effect of compatibilization and/or plasticization in the blend has been evaluated by means of mechanical, thermal and morphological tests. Afterwards, morphological, mechanical, water angle contact and biological characterization of the designed porous scaffold were carried out.




2. Materials and Methods


2.1. Materials


Bacterial poly(3-hydroxybutyrate) (PHB) in pellet form was a commercial-grade ENMAT Y3000, obtained from TianAn Biopolymers (Beilun, China). The PHB has a density of 1.25 g·cm−3 with a DSC melting point at 175–180 °C. The aliphatic polyester poly(lactic acid) (PLA), commercial-grade Ingeo 3D 870 was supplied in pellet form by NatureWorks (Minneapolis, MI, USA). Its density is 1.22 g·cm−3 and its DSC melting point of 165–180 °C makes it suitable to be blended with the reported PHB.



Regarding compatibilizers, three petrochemical derivatives were used. Poly(ethylene-co-glycidyl methacrylate) (EGM) was acquired from Sigma Aldrich (Madrid, Spain). The EGM density is 0.94 g·cm−3 and its glycidyl methacrylate content is 8 wt%. The poly(ethylene-co-methyl acrylate-co-glycidyl methacrylate) (EMAG) was obtained from Sigma Aldrich (Madrid, Spain). Its density is 0.94 g·cm−3 with a glycidyl methacrylate content and methyl acrylate of 8 and 25 wt%, respectively. The additive Xibond 250 is a random copolymer of styrene and maleic anhydride kindly supplied by Polyscope (Geleem, The Netherlands). It presents a molecular weight (MW) of 10.000 g·mol−1, an acid value of 285 mg KOH·g−1 and a glass transition temperature of 130 °C. As a bio-based compatibilizer, epoxidized linseed oil (ELO) was produced by Traquisa SL (Barcelona, Spain). ELO presents an epoxy content of >8 wt%, density of 1037 g·cm−3 and MW of 1038 g·mol−1. The chemical structure of each polymer matrix and compatibilizer is shown in Figure 1.




2.2. Development of PHB/PLA Biocomposites


Different formulations were developed by extrusion compounding by using a twin-screw co-rotating extruder Collin Teach Line ZK25 from Collin Lab & Pilot Solutions GmbH (Maitenbeth, Germany). Before processing, both polymer matrices, PHB and PLA, were dried at 60 °C for 8 h as recommended by suppliers using an air-circulating oven Model 50-400 from DRI-AIR Industries, INC (East Windsor, NY, USA). The selection and amount of the incorporated additives were chosen based on the literature, which suggested that 5 phr showed a significant improvement of compatibilizer’s effect and mechanical properties [22,23,24,25]. Regarding the reactive groups found in selected additives, generally, the epoxy groups are one of the main groups considered for the purpose of compatibilization or plasticization because they can react easily with the hydroxyl and carboxylic groups of the PHB [26] and PLA [27] matrices. It should be pointed out that this is not a unique group used for this target, since others, such as maleated, which contains a maleic anhydride (found in Xibond additive), or an amine group that can be found in chitosan [28], are also able to react with PHB and PLA matrices. For this reason, the aforementioned additives were chosen for both the reasons of their specific reactive group and effectiveness, after considering the previously described literature reported by other authors. Then, the biocomposites were prepared according to the compositions included in Table 1, optimizing the parameters until setting a temperature profile of 165/180/185/185/180 °C from the hopper to the die at a constant screw rate of 65 rpm. Afterwards, each composition was pelletized with an air-knife unit Collin Teach Line SP cutter from COLLIN Lab & Pilot Solutions GmbH (Maitenbeth, Germany) and air-cooled at room temperature. Finally, the pellets were dried again at 60 °C for 8 h and stored in hermetic bags to prevent moisture uptake.




2.3. 3D Printing of PHB/PLA Biocomposites


The 3D printing was performed on a TUMAKER NX Pro Pellets (Utrecht, The Netherlands) based on the MEX process and using a nozzle of 0.4 mm. In this work, several geometries have been developed in order to assess the behaviour of the composites. On one hand, standard geometries were considered for the flexural and impact-absorbed energy test specimens with a size of 80 × 10 × 4 mm3, respectively. On the other hand, the scaffold specimens were fabricated with two different geometries to evaluate their compression behaviour (12 × 12 × 25 mm3) and cell proliferation test (diameter of 10 mm and thickness of 4 mm). The printing parameters are shown in Table 2 and the manufactured geometries in Figure 2. In all cases, seven replicates were printed for each formulation and test to obtain the average and deviation values.



The printed parts were designed using a computer-aided design software Autodesk Fusion 360, version 2.0.10806 (San Rafael, CA, USA). To set the parameters for the 3D printing, the software Simplify 3D version 4.1 (Cincinnati, OH, USA) was employed to generate the G-code file. The printed flexural and impact parts obtained by means of additive manufacturing were used to characterize the mechanical properties of the formulations developed. For this reason, the infill density and raster angle were set as 100% and 0/90°, respectively. In the case of scaffold manufacturing, two geometries based on a cube (Figure 2b) and a cylinder (Figure 2c) were selected. The printed parts were manufactured with an infill density of 30% in order to obtain a specific porosity (50% theoretical), which is within the range for bone regeneration [29,30]. The G-code file used for printing was set with no walls and no top/bottom layers and a raster angle of 0/90°.




2.4. Mechanical Characterization


The flexural tests of standard geometries were carried out following the guidance of ISO 178 [31]. For this purpose, a universal testing machine Instron 6025 from Instron (Barcelona, Spain) was employed, equipped with a 10 kN load cell and using a crosshead rate of 5 mm·min−1. The Charpy impact strength was measured in a Resil 5.5 impact testing device from CEAST RESILIMPACTOR (Cerdanyola Del Vallès, Barcelona, Spain) with a 1 J pendulum. The morphologies of the Charpy fractured samples were assessed by means of field scanning electron microscopy (FESEM). A JEOL SEM J840 (Akishima, Tokyo, Japan) was used with an acceleration voltage of 5 kV. Prior to observation, samples were coated with a thin layer (Pd-Au alloy) in a sputter coater EM MED020 from Leica Microsystems (Wetzlar, Germany) over 120 s.



For the scaffold characterization, the compression test was performed according to ISO 604 [32] using an Instron 6025 (Canton, MA, USA) with a crosshead rate of 5 mm·min−1 and a load cell of 10 kN. In this sense, the values of stress and deformation were taken from the yield point, which is where the curve starts to decrease [33].




2.5. Thermal Properties


The thermal behaviour of PHB75-PLA samples with additives were analyzed by differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). The thermal transitions of blends were evaluated using a DSC Q200 equipment from TA Instruments (New Castle, DE, USA). Samples with an average weight between 6 and 10 mg were evaluated with the following dynamic temperature program: a heating program from 25 to 200 °C followed by a cooling cycle from 200 to −40 °C was carried out in order to remove the thermal history. Finally, a heating program up to 200 °C was carried out at a rate of 10 °C·min−1. The thermal programs were performed using a nitrogen atmosphere with a flow rate of 66 mL·min−1. The degree of crystallinity was calculated using Equation (1) to provide a more accurate value of the considered blend (PHB/PLA) [34].


    X   c   =    Δ   H   m   − Δ   H   c c       Δ   H   m P H B   100 %     ×   w   P H B   − Δ   H   m P L A   100 %     ×   w   P L A        × 100  



(1)




where   Δ   H   m     is melt enthalpy of blend,   Δ   H   c c     is cold crystallization enthalpy and both     w   P H B     and     w   P L A     are the weight proportion of PHB and PLA, respectively. The   Δ   H   m P H B   100 %       and   Δ   H   m P L A   100 %       corresponds to the melt enthalpy of a theoretical fully crystalline structure of PHB and PLA, whose values are 146 J·g−1 [35] and 93 J·g−1 [36], respectively.



The thermal stability evaluation was assessed by TGA analysis in a TGA Q500 equipment from TA Instruments (New Castle, DE, USA). The samples were subjected to a heating ramp from 30 to 700 °C at 10 °C·min−1. The nitrogen flow rate was set at 66 mL·min−1 and the average weight of samples was 10 mg. In order to assess the maximum degradation rate of the samples, derivative thermogravimetric curves (DTG) were first obtained and analyzed.




2.6. Water Contact Angle (WCA)


With the aim to evaluate the hydrophilic behaviour, flat-surface samples were manufactured to measure the WCA using the sessile drop method, as recommended [37]. Samples of 60 × 60 × 1 mm3 were obtained by means of compression moulding using a Hydraulic Press 20 from Lab Tech Engineering Company LTD (Samutprakarn, Thailand). The process set-up was as follows: heat up to 195 °C and apply pressure of 10 bar maintained over 5 min; subsequently, the pressure is released, and the sample air-cooled at room temperature. The WCA measurement was carried out through a content angle goniometer model 100-00 from Ramé-hart Instrument Co (Succasunna, NJ, USA). To assess the static contact angle, a 2 μL of distilled water was dropped on the non-porous surface of samples and analyzed after 2 s using a software Drop Image version 2.10.00. An average measurement of 6 contact angles was performed per composition.




2.7. Morphological Characterization


The scaffold porosity and surface morphology with dimensions of 10 mm diameter and 4 mm of thickness was evaluated. The estimated porosity was obtained by gravimetric method which is the most commonly used in the literature [37]. The total porosity was calculated with the Equation (2):


  Total   porosity =   1 −      ρ   a p       ρ   b u l k        × 100  



(2)




where     ρ   a p     is the density of the scaffold obtained by the apparent volume, and     ρ   b u l k     is the density of bulk material measured in a density determination kit for xs140 balance with a resolution of 0.01 g cm−3 from Mettle Toledo (Barcelona, Spain).



The pore size was evaluated by considering the distance between the filaments of the printing pattern (0/90°). The measurements were obtained using a Hitachi TM3030 SEM (Hitachi, Tokyo, Japan) with an acceleration voltage of 5 kV.




2.8. Cell Seeding and Culture


To evaluate the cell behaviour in the formulations developed, a human osteoblastic cell line hFOB 1.19 (ATCC ® CRL-11372TM) was employed. Four samples of 3D porous scaffold of each formulation were manufactured for this purpose with dimensions of 4 mm in height and 10 mm in diameter. The employed cell-culture medium consisted of a mixture 1:1 of DMEM and Ham’s F-12 without fenol red (Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 with high glucose, L-glutamine, Gibco). It was supplemented with 10% of Foetal Bovine Serum (FBS) and 0.3 mg·ml−1 of antibiotic–antimycotic solution (Gibco, Life Technologies, Carlsbad, CA, USA). The dimensions of the flask used for cell culture were 75 cm2 (T75) from Sarstedt (La Roca del Vallès, Spain) until values of 80–90% confluence were achieved. Once these values were reached, cells were removed with trypsin-EDTA 0.5% (no phenol red) from HyClone (Washington D.C, Columbia, USA).



The 3D printed porous scaffolds of each formulation were quadruplicated, sterilized by using ethanol 75% v/v followed by UV light exposure under fume hood during 30 min. Consequently, samples were washed three times with PBS (59321C Dulbecco’s Phosphate Buffered Saline) from Merck (Darmstadt, Germany) and with culture medium in order to remove possible traces of ethanol. Afterwards, the scaffolds were placed individually in sterilized centrifuge tubes (CFT011150, 15 mL sterile tubes) from Jet Biofil (Guangzhou, China) and were seeded with 50 µL cell suspension containing a density of around 93,000 cells. Then, scaffolds were kept for 1 h in the CO2 incubator with 5% of CO2 at 37 °C and then 2 mL of culture medium were added to the tubes to provide enough nutrient for the first 24 h of cell culture.




2.9. Cell Metabolic Activity Evaluation


With the aim to evaluate the cell metabolic activity, a CCK-8 protocol (Cell Counting kit-8) from Dojindo Molecular Technologies (Kanagawa, Japan) was used. For the 1st day of culture, samples of each formulation were transferred from tubes to a non-treated 24-well plate from Thermo Scientific TM Nunc TM (Waltham, MA, USA) that were kept until the end of experiment. Each scaffold was washed using 1 mL of PBS and supplemented by a 1 mL of CCK-8 solution at 10% v/v. A similar procedure was carried out with 4 empty wells, use it as negative controls. The plate was incubated at the following conditions: 37 °C, 5% CO2 for 4 h. After the incubation, two aliquots of 100 µL were transferred from each well to a 96-well reader plate from Thermo Scientific TM Nunc-Immuno TM Microwell TM (Waltham, MA, USA). In order to measure the absorbance, a BioTek ELx800 reader (Bio Tek Instruments Inc., Winooski, VY, USA) was used to read the excitation wavelength of 450 nm. Once the absorbance had been measured, the solution that contained CCK-8 was removed from the culture plate, washed three times with PBS and 2 mL of supplement media was added before again incorporating the plate in the incubator. The same procedure was repeated at 4 and 7 days of cell culture, replacing the culture medium every day.



After 7 days of culture, the cell-seeded scaffolds were subjected to wash with PBS solution (Sigma Aldrich, St. Louis, MO, USA) and fixed with 2.5% glutaraldehyde (Sigma Aldrich, St. Louis, MO, USA) solution in PBS at 4 °C for 1 h. Then, samples were dehydrated using ethanol solutions of 30, 50, 70, 90 and 100% v/v and treated with hexamethyldisilane. In order to evaluate the cell morphology, scaffolds were cut longitudinally to observe the interior. Prior to observation, the samples were coated with Pd/Au for 120 s with 18 mA under vacuum using a Polaron SC7620 (quorumtech, sputter Coater, East Sussex, UK). The cell morphology was observed in a FESEM Zeiss Sigma 300VP (Oxford Instruments, Oxforshire, UK) with an acceleration voltage of 1 kV.





3. Results


3.1. Effect of Additives in PHB/PLA Blend


As indicated in Section 2.3, with the aim to assess the effect of the additives in a PHB/PLA blend (PHB75-PLA), a standard geometry, shown in Figure 2a was manufactured with the infill structure and printing parameters included in Table 2.



3.1.1. Mechanical Properties of the PHB/PLA Blends


In order to evaluate the mechanical properties, flexural tests of 3D printed samples have been manufactured following the recommendation of R Donate et al. [38], which evaluate the mechanical properties of formulation targeted for scaffold manufacturing by means of flexural tests of non-porous samples. The results are shown in Table 3.



In the case of flexural modulus, the highest values were obtained by the pristine PHB75-PLA sample with a value of 3330 MPa. Nevertheless, incorporating additives such as EGM, EGMA, and ELO leads to a slight decrease in this property for values up to between 2900 and 3080 MPa, regardless of the additive employed. The latter’s effect is observed due to the improvement of ductility that will be explained later, thus triggering a decrease in rigidity and, therefore, a flexural modulus as expected. In the case of Xibond additive, a similar flexural modulus as the PHB75-PLA sample was observed without significant differences. Regarding flexural strength, the values remain unchanged except for Xibond, which provided the highest value (57.0 MPa) compared to 53.5 MPa of the pristine PHB75-PLA sample. This behaviour can be attributed to the compatibilizing effect that Xibond provides, whose maleated groups interact with the hydroxyl and carboxylic groups of PHB and PLA, suggesting a stronger chemical interaction between Xibond and a polymer blend matrix that enables the flexural strength to increase. A similar finding has been reported by Tejada-Oliveros et al. [39] when compatibilized the PLA/polycarbonate (PC) blend with the same copolymer Xibond manufactured by injection moulding. Regarding flexural strain, a value of 3.1% was observed in the pristine PHB75-PLA. Both EGM and EMAG exhibited a slight enhancement of flexural strain. On the one hand, the slight improvement in flexibility of PHB75-PLA-EGM can be explained by the interaction between the glycidyl methacrylate group within the EGM structure and the hydroxyl and carboxylic groups in PHB and PLA, respectively. On the other hand, the higher flexural strain observed in the PHB75-PLA-EMAG sample compared to the EGM additive can be due to the presence of two reactive groups that contain EMAG additive (acrylate and glycidyl methacrylate group), enhancing the interaction with the PHB/PLA blend. According to Chang et al. [40], the increment of the ductile properties also indicates an improvement of compatibilization between blends as a consequence of chain interactions. These results agree with the decrease in tensile modulus and strength obtained using these two additives in comparison with the pristine sample. In the case of the ELO additive, it reached the highest flexural strain value with an improvement of around 32% compared to the PHB75-PLA sample. This behaviour is somehow expected, since modified vegetable oils can provide a dual compatibilizing and plasticizing effect in the blend. In this study, the epoxy group that contains the ELO structure can link with the hydroxyl and carboxilic groups available in the aliphatic polyester chains (PHB and PLA), which can favour both a plasticizing and compatiblizing effect in the blend [41]. This dual effect is observed not only for the slight improvement in the average value on flexural strength but also for the increment of the ductility. In this sense, Yi Han et al. [42] also reported both effects when employing 5 phr of epoxidized soybean oil (ESO) in the PLA/PBAT blend, showing an increase in yield strength followed by improvement of elongation at break. Finally, the Xibond additive slightly improved the mechanical resistance of the sample, characterized by the highest flexural strength compared to the PHB75-PLA sample, as aforementioned. As a result, the flexural strain did not improve significantly with incorporating the additive, indicating that Xibond leads to an improvement in rigidity more than ductility, likely due to the presence of a maleated group in the structure.



The impact-absorbed energy of PHB75-PLA samples with additives employing standard geometries is shown in Figure 3. As initially expected, the pristine PHB-rich sample (PHB75-PLA) exhibited the lowest impact absorption energy with a value of 6.85 kJ·m−2, being close to the pristine PHB (5.4 kJ·m−2) reported in the literature [43]. By incorporating both polyethene derivates, EMAG seemed to provide better-absorbed energy than EGM with improvements of 47.2 and 31.4%, respectively, compared to the PHB75-PLA sample. This result is in concordance with the flexural test obtained, where EMAG show a higher elongation at the break and flexural modulus. This effect could be ascribed to a better compatibilizing effect as a consequence of both the reactive groups acrylate and glycidyl methacrylate in the structure, providing an enhancement of absorbed energy in a high strain rate test. The bio-based ELO achieved an improvement in impact-absorbed capacity from 6.85 for pristine PHB75-PLA to 9.00 kJ·m−2 for PHB75-PLA-ELO because of its dual effect as plasticizer and compatibilizer, as aforementioned in the flexure test. In this regard, no significant differences were found with respect to EGM and EMAG after considering its standard deviations. For the PHB75-PLA-Xibond sample, a significant increase in impact-absorbed energy was not observed under the Charpy test despite its improvement in mechanical properties from the flexural test. A similar behaviour was exhibited in the PA1010/PLA blend (80:20 wt%) when 2 phr of poly(styrene-ran-glicidyl methacrylate), with a similar chemical structure to Xibond but with a different reactive group, was incorporated in order to improve the compatibility of the blend. In this case, the impact strength remained constant but, in contrast, an increment of 8.16 and 18% in flexural modulus and stress was recorded, respectively [44].



The fracture morphology of PHB75-PLA samples with additives obtained after the Charpy impact test was evaluated by SEM at 2000×, as shown in Figure 4. For PHB-rich phase formulation (PHB75-PLA), it can be seen that the surface showed a rough fracture characteristic of the PHB matrix but without the presence of the well-known wavy surface of the pristine PHB, since it consists of a blend of PLA with PHB-rich phase that results in this morphology [45]. In this case, the presence of voids was not found, which indicates a good dispersion despite it not having been reported that PLA/PHB formulation presents an immiscible and/or partially miscible nature [46]. This fact could indicate that the processing and manufacturing conditions in material extrusion 3D printing were good enough to ensure a correct mixing of the blend. From Figure 4b, it can be seen that incorporating EGM showed a presence of dispersed phase, highlighted by red arrows, as was expected. Nevertheless, the low presence of small-sized cavities after the impact test in the fractured surface, highlighted by yellow circle, indicates a good interfacial adhesion between both matrixes (PHB and PLA). The surface exhibited a rougher fracture as well as the presence of filaments, which could suggest an interaction of matrixes due to its compatibilization, as has been reported in other studies. For instance, a similar morphology was found in the compatibilization study of PLA with an olefin block copolymer using a random terpolymer of ethylene–methyl acrylate–glycidyl methacrylate (GMA) as compatibilizer [47]. In addition, this morphology is in agreement with the mechanical properties that exhibit an increment of absorbed energy after the impact test compared to the PHB75-PLA sample. The incorporation of EMAG showed a lower presence of dispersed phase with a smaller diameter as well as a better homogeneity in the matrix than GMA incorporation, which can suggest a better compatibility between PHB and PLA. In this regard, it correlates with better mechanical properties than the material with EGM. In the case of modified vegetable oil, ELO, a rougher surface was observed with respect to the sample without additives. This surface is characteristic of the plasticization effect provided by ELO for plastic deformation, as aforementioned. It should be pointed out that modified vegetable oils are not completely miscible, since the addition of more than 5–7.5 wt% can lead to the increased presence of cavities, resulting in a worsening of the miscibility with a negative effect in ductile properties [48]. In Figure 4d, almost no presence of cavities was found (highlighted by yellow circle), which indicates that the incorporation of 5% ELO was highly miscible in both matrixes. For the Xibond incorporation, no significant differences in the morphology were observed regarding PHB75-PLA formulation, which is attributed to the similar absorbed energy values obtained in the Charpy test. As demonstrated in mechanical properties, Xibond did not improve the ductile properties.




3.1.2. Thermal Properties


The thermal properties of PHB75-PLA composites with compatibilizer additives have been assessed by means of DSC and TGA analysis. The main thermal transition parameters from DSC analysis are summarized in Table 4 as well as in Figure 5. As expected, the glass transition temperature (Tg) of PHB phase was not detected using DSC, as has been reported in the literature when pristine PHB phase was evaluated [49]. On the contrary, the Tg of the PLA phase in the PHB75-PLA sample was observed at a value of 60.6 °C. The addition of compatibilizers in the blend exhibited two different behaviours in the Tg of the PLA phase. The incorporation of EGM, EMAG and Xibond did not show significant differences. Nevertheless, the bio-based ELO shifted the Tg to lower temperatures from 60.6 to 58.0 °C for PHB75-PLA and PHB75-PLA-ELO, respectively. This is a typical plasticizing effect provided by modified vegetable oil that enhances the chain mobility within the sample and, therefore, decreasing the Tg [50]. The second thermal transition is related to the cold crystallization temperature (Tcc), which was found to be 91.0 °C for the PHB75-PLA blend, and the incorporation of compatibilizers did not show any influence except for the bio-based ELO. As expected, the latter exhibited a shifted to lower temperatures caused by the more intense polymer chain motion when ELO is added [51]. The last thermal transition is related to the melt temperature (Tm) of composites. For the PHB75-PLA sample, a single peak was observed at 174.3 °C due to the similar melting point of the employed polymers. In this regard, the compatibilizers decreased the Tm up to values in the range of 171.4 and 171.9 °C with no relevant changes between them in terms of shape and peak. Closely related to this, ΔHm also exhibited a decrease with the additives, which indicates the formation of less-perfect crystals that ease its melting process [52]. Therefore, the crystallinity in all cases decreased by incorporating compatibilizers. For the samples compatibilized with EGM, EMAG and Xibond, a decrease from 61.2% for the PHB75-PLA sample to 55.3–56.9% was obtained, which suggests a formation of crosslinked, branch or chain extended structures within the polymer that makes the crystallization difficult. This effect was also observed with the addition of dycumil peroxide (DCP) in the partially crosslinked PHB/PDLLA blend [53]. This behaviour could be explained by the chemical interaction between the glycidyl, acrylate and maleated groups corresponding to EGM, EMAG and Xibond, respectively, with the hydroxyl and carboxyl groups of PHB and PLA hindering the crystal formation. On the other hand, it should be pointed out that the crystallinity of ELO decreased up to 58.7 °C but not as much as other compatibilizers. It can be ascribed to its known dual plasticizer–compatibilizer effect that not only leads to the improvement of the chain mobility but also the formation of branching structures. The same behaviour was reported by Garcia-Garcia et al. [54], where the use of ELO in the PHB matrix leads to a decrease in its crystallinity as well as its Tg, due to the plasticizing effect of vegetable oils. It is worth noting that this decrease in crystallinity also provides advantages during 3D printing process. For instance, the reduction in crystallinity, which is also related to the shifting of Tm to lower temperatures, can improve the processability as well as employ less energy during the processing [55]. Besides, it is known that crystallinity plays a key role during 3D printing since it is directly linked to the shrinkage, promoting the detachment of the manufactured samples due to the warping effect [56]. In this sense, the addition of these additives suggests that they can reduce this effect, which is commonly found in semicrystalline polymers such as PHB and PLA. Furthermore, the crystallinity also affects the hydrolysis degradation process, which is an important point in bone tissue engineering. According to Feng et al. [57], the less-packed molecules (lower crystallinity), which accelerate the degradation process by means of the hydrolytic breakage of molecules due to water, can diffuse more easily into the matrix. Therefore, considering the aforementioned results, the additives studied could accelerate the degradation rate, since they showed a decrease in crystallinity compared with the pristine PHB/PLA.



The thermal degradation of PHB75-PLA blends with compatibilizers is shown in Figure 6. The pristine PHB75-PLA was thermally degraded in a two-step process, as was expected due to the binary blend. The first degradation process corresponds to PHB located from 5% up to 75% of weight loss due to a random chain scission thermally induced by the cleavage of both C-O and C=O bonds [58]. The second step is referred to degradation of PLA by chain-end scission through the breakage of ester groups [59], showing higher thermal stability compared to PHB. Concerning the temperature required for 5 wt% of weight loss (T5%) of the PHB75-PLA sample, it was observed at a value of 266.4 °C, which is in the range of both pristine polymers and nearest to the T5% of PHB, since it is the PHB-rich phase. In general, the addition of all the studied compatibilizers leads to an increase in T5% between 5 and 16 °C compared to the pristine PHB75-PLA, as is observed in Figure 6a. This indicates an effective stabilizing effect occurring in the formulations. Besides, the maximum temperature has been determined (Tmax) by the first derivate of weight loss, showing two characteristic peaks belonging to the PHB75-PLA blend, shown in Figure 6b. In this regard, the Tmax1 and Tmax2 refer to the PHB and PLA matrices, with values of 291.5 and 339 °C, respectively. These curves are in agreement with Arrieta et al. [60], who evaluated both matrices in different proportions by means of electrospinning technique. With regard to the addition of compatibilizers, a similar tendency towards higher temperatures was observed as aforementioned, achieving a noticeable improvement with values in the range of 296–303 °C and 359–363 °C compared to the pristine, which were 291.5 °C and 339 °C for Tmax1 and Tmax2, respectively. This behaviour can probably be ascribed to two main reasons. The first could be explained by the higher thermal stability of additives added, which are EGM [40], EGMA [61], ELO [62] and the styrene-based copolymer Xibond [38], which can contribute to improve the Tmax1 thermal stability referred to in the PHB-rich phase. The other fact is related to the interaction between the compatibilizers and the polymer matrices, which can positively affect the whole thermal stability. This increment suggests the reactivity between end-chain groups in both PLA and PHB (-COOH and -OH) with the corresponding reactive groups of compatibilizers such as glycidyl, acrylate and maleated groups. This effect was also reported by Abdelwahab et al. [63], who observed an increase in thermal stability in the PLA/PBAT compatibilization with a chain extender that contains glycidyl groups. Nevertheless, the Tmax2 of the bio-based ELO was not clearly shown as a result of the displacement to lower temperatures overlapping with the PHB-phase thermal degradation. According to Quiles-Carillo et al. [44], the incorporation of ELO into polymer blends leads to a decrease in the thermal stability caused by the increment of free volume for its plasticizer effect. Similar findings have been reported by other authors by adding functionalized vegetable oils such as soybean oil in order to improve the interaction between polymer blends [26]. In this manner, the enhancement of thermal degradation with the incorporation of additives leads to avoiding the possible thermal degradation involved during the manufacturing process, since, according to Caputo et al. [64], the degradation takes places even during processing at lower temperatures.





3.2. Scaffold Characterization


With the aim to assess the properties of 3D printed scaffolds with the different developed formulations, two geometries were manufactured, shown in Figure 2b,c. The printing parameters of the scaffolds were included in Table 2.



3.2.1. Porosity, Pore Size and Surface Morphology


The porosity and pore size of 3D printed scaffolds for the cell proliferation test are shown in Table 5. The bulk density of the pristine blend PHB75-PLA was 1.24 cm3, which are in the range of both matrices according to the datasheet of products. As expected, the incorporation of the compatibilizers did not modify this value, since they were not ceramic-filler type that increase the bulk density [65]. Regarding the porosity, which is a coefficient between material and apparent density, it was not changed regardless of the compatibilizers that were employed. The results indicate that all groups of scaffolds were printed with around 50% of porosity, which is considered suitable for the growth of bone cells [66]. In addition, the pore size, measured as the distance between filaments extruded, was also in the range of 675–718 μm, as shown in Figure 7. According to Karageorgiou and Kaplan [67], pores higher than 300 μm are required to promote new bone formation. Besides, other authors indicate that pore size of 300 and 800 μm did not affect this property, enhancing the bone in-growth [68]. As a result, the printed PHB75-PLA scaffolds demonstrated both favourable porosity and pore size for bone regeneration.




3.2.2. Compression Test


Concerning the compression test, the samples exhibited a compression in the stress–strain graph, which corresponds to the linear elastic region (compression modulus) and stress–strain slope increasing up to the yield point to obtain stress and deformation. Both stress–strain curves and properties are shown in Figure 8. The compressive modulus of PHB75-PLA sample recorded a value of 346.6 MPa, whereas the incorporation of compatibilizers decreased it up to values of 210–250 MPa. The lowest modulus was obtained by additivation with ELO, which can be ascribed to its plasticizer effect, as reported by Alam et al. [69]. On the contrary, the highest modulus from compatibilized samples was reached with the incorporation of Xibond, suggesting the aforementioned compatibilizer effect. Despite the decrease in the compression modulus, all developed formulations showed higher values than needed in trabecular bones (50–100 MPa) [70] with an average improvement of 132%. Regarding the compressive stress at yield, no significant difference was observed in the compatibilized samples. However, their values are still in the range of 11–13 MPa that is required for trabecular bones (5–10 MPa) [71]. The deformation at yield showed values similar than the pristine PHB75-PLA sample (16.5%) except for EMAG and ELO with values around 20 and 23%, respectively. Comparing these values with the developed scaffolds in the literature, a similar behaviour was observed with regard to printed scaffolds with a porosity close to 70% of the pristine P(3HB-co-3HHx) and with the addition of HA [33]. In the present work, the deformation at yield point was higher due to the incorporation of specific additives, whereas the incorporation of HA from 2.5% to 10% in the aforementioned paper led to a decrease in this property, as expected, from 18 to 16%, respectively.




3.2.3. Water Contact Angle Measurement (WCA)


The hydrophilic behaviour of samples has been assessed by static water contact of flat surfaces manufactured by MEX. The WCA obtained for the different developed formulations are shown in Figure 9. The pristine blend PHB75-PLA showed a WCA of 71.4°, which is considered a hydrophobic surface (θ < 65°) [72]. These results are in concordance with values reported in the literature, which is quite similar to the pristine PHB [73]. Nevertheless, the incorporation of the compatibilizers changed the surface wettability. For the polyethylene derivatives, the sample PHB75-PLA-EGM did not modify the wetting properties compared to PHB75-PLA, whereas the incorporation of the acrylate group, which is the sample PHB75-PLA-EMAG, enhanced the wettability, reaching values of 62.9° and then caused a hydrophilic behaviour. In the case of the addition of the bio-based compatibilizer ELO, a decrease in WCA from 71.40° for PHB75-PLA to 57.4° was observed. This improvement of the hydrophilic surface has been also observed using epoxidized soybean oil (ESBO) in a PLA matrix [74]. Regarding the incorporation of Xibond as a compatibilizer, a similar trend was observed for ELO with a value of 64.23°. The increase in wetting properties can be ascribed to the polar groups within the chemical structure of Xibond, such as glycidil and maleic anhydride functionalities [33], increasing the capability to interact with other surrounding molecules. Therefore, the addition of EMAG, ELO and Xibond compatibilizers provides a change from hydrophobic to hydrophilic surfaces (θ < 65°), which can be a positive effect in cell attachment.




3.2.4. Cell Metabolic Activity Evaluation


The cell metabolic activity of the printed scaffolds was evaluated using a CCK-8 assay with human foetal osteoblastic (hFOB) cells, for which absorbance values correlate to the number of cells. In Figure 10, the absorbance values are shown from printed scaffolds with different additives. Both the pristine PHB75-PLA and PHB75-PLA-EGM samples did not show an increment of absorbance, which indicates that seeded cells did not attach on the surface during 7 days of culture. It can be attributed to the hydrophilic behaviour of samples since they are the highest assessed (76–71°). According to Lim et al. [75], the surface wettability plays a key role on cell attachment, thus hydrophobic surfaces (θ < 65°) result in a lesser growth of cells. In this regard, the EMAG, ELO and Xibond additives with a WCA in a range of 64–57° provide an increment of bone cells attached on the surface that proliferate from day 1 to 7, likely for its better wettability. The hydrophilic surfaces formulated improve the initial protein interactions, the osteoblast cell adhesion and its spreading. Concerning the difference in cell metabolic activity between formulations with similar WCA, which are EMAG, ELO and Xibond formulations, it should be mentioned that chemical groups of formulations can also affect cell proliferation, as has been reported [76]. Based on the results, it is suggested that maleated and phenyl groups contained in a Xibond additive lead to favour the cell adhesion on the surface compared with the epoxy and glycidyl groups of ELO and EMAG, respectively. In addition, all chemical groups that are found in the additives incorporated in the PHB/PLA blend are considered non-toxic according to the literature. For instance, Ibrahim et al. [77] characterized hydrogel scaffold crosslinked with glycidyl methacrylate, a group found in the EGM and EMAG additive, and showed good cell proliferation with no cytotoxicity. Similar behaviour has been reported by Miao Shida et al. [76], where soybean oil epoxidized acrylate, whose chemical structure is very similar to ELO, only different by the number of epoxy groups and also presenting an acrylate group (found in the EMAG additive), was assessed as a non-toxic substance with cell-proliferation values similar to PLA or PCL. Finally, both maleated and phenyl groups found in the Xibond additive have also been assessed in other studies. Zhou et al. [78] reported that PLA grafted with maleic anhydride did not exhibit cytotoxicity in cellular viability, whereas the phenyl group is found in the acrylonitrile butadiene styrene (ABS) structure, which is commonly used for biomedical applications [79]. However, with the aim to precisely corroborate its cytotoxicity, a specific test should be made in further studies.



The SEM images of the scaffolds that exhibited cell proliferation after 7 days of culture are shown in Figure 11. The scaffold’s interior with the incorporation of EMAG, ELO and Xibond compatibilizers showed both filopodia and lamellipodia cytoplasmic processes on the surface. In the mentioned samples, the cells exhibited a flatter and widespread adhesion on the surface by lamellipodia formation with a branched network, as highlighted in red box. This indicates stable attachments on the surface guided by filopodia, marked with a white arrow, in order to promote cell mobility [80]. The presence of these filopodia indicates a cell–cell interaction that can provide new lamellipodia nucleation [81]. In this sense, all samples showed cell growth with a more extended grade in the case of the PHB75-PLA-Xibond sample, as can be observed in Figure 11d, indicating its potential to be applied in bone regeneration applications.






4. Conclusions


This work showed the effect of additives in the cell metabolic activity, and other mechanical and thermal properties of a PHB-rich phase and PLA blend (75/25 wt%) formulations to manufacture scaffolds for tissue engineering. The compounding and processability of the formulations were also studied. In the first stage, the formulations were assessed to evaluate the interaction between additives and the polymer matrix blend using standard geometries manufactured by MEX. The flexural test showed that EGM and EMAG slightly increased the strain with their consequent decrease in modulus compared to the pristine blend. The highest compression strain was obtained using bio-based ELO with an enhancement of 32% due its plasticizing effect, whereas Xibond provided the highest flexural strength with an increment of 6.5% regarding PHB75-PLA. For this reason, the Charpy test showed that EGM, EMAG and bio-based ELO led to an increase in the absorbed energy in the high strain rate test, with improvements between 31 and 47%, as observed by the trend in flexural stress. This behaviour was corroborated by the fractured morphology, showing a more pronounce rough surface for the addition of EGM, EMAG and ELO. Regarding the thermal properties, the Tg of the blend was reduced by 2.6 °C with the addition of bio-based ELO due to the increment of free volume that enhanced the chain mobility. Besides, all formulations with the additives showed a decrease between 2.1 and 2.9 °C of Tm with respect to the PHB75-PLA blend. This improvement, coupled with the shift from 291.5 °C and 339 °C to 296–303 °C and 359–363 °C in Tmax1 and Tmax2, respectively, provided an enhancement of thermal stability to the blend that improved the processability during the MEX manufacturing, reducing the possible thermal degradation.



In the second stage, all 3D printed scaffolds exhibited a porosity and mean pore size in the range of 50.3–53.3% and 675–718 μm, respectively, which is adequate for being applied in tissue engineering. In addition, scaffolds with additives showed values higher (11–13 MPa) than the required for trabecular bones (5–10 MPa) in compression stress. On one hand, the bio-based ELO and EMAG showed an improvement of deformation at yield with values of 23 and 20%, respectively, compared to the pristine blend (16.5%). On the other hand, Xibond provided the highest compressive modulus between additives, remarking on its compatibilizing effect. Different results were obtained regarding the cell metabolic activity of the scaffolds. The incorporation of EMAG and, to a greater extent, the bio-based ELO and Xibond additives, led to an increase in the cell attachment on the surface. The wettability of the surface highly influences these values. Thus, the incorporation of the latter additives decreases the WCA to less than θ < 65°, providing a hydrophilic surface with a better cell adhesion. The cells showed stable attachment on the surface after 7 days of culture with good shape of both filopodia and lamellipodia processes. Therefore, according to the results, both the EMAG and bio-based ELO provided greater ductile properties to the scaffolds, highlighting ELO in terms of cell metabolic activity. In contrast, Xibond showed a higher compressive modulus with the highest cell proliferation. These results show the potential of these scaffolds with additives for bone regeneration, highlighting their possible use coupled with inorganic fillers that can promote a higher capability of cell proliferation.



In view of the results, it is suggested that further studies focus on different aspects that could not be addressed in the current paper. The cytotoxicity of the scaffolds is one of the main aspects that should be carried out in order to corroborate the biocompatibility of added additives. From a mechanical point of view, immersion of scaffolds in Phosphate Buffered Saline (PBS) is required to assess the hydrolytic degradation as well as the dynamic fatigue testing that can provide valuable information in addressing bone regeneration applications.
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Figure 1. Chemical structure of matrices and compatibilizers employed. 
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Figure 2. Standard geometries and scaffolds printed in this work: (a) flexural and impact test speciments (b) compression test specimens and (c) cell proliferation test. 
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Figure 3. Impact-absorbed energy from the Charpy impact test of PHB75-PLA blend samples with additives. 
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Figure 4. SEM images of impact fractured samples by field emission electron microscopy (FESEM) of PHB75-PLA blend samples with additives: (a) PHB75-PLA, (b) PHB75-PLA-EGM, (c) PHB75-PLA-EMAG, (d) PHB75-PLA-ELO and (e) PHB75-PLA-Xibond. The dispersed phase and cavities are represented by the red arrows and yellow circles, respectively. 
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Figure 5. Differential scanning calorimetry (DSC) curves of PHB75-PLA blend composites. The black arrow in melt temperature region means a displacement to lower temperatures. 
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Figure 6. Thermal stability of PHB75-PLA blend with different additives: (a) thermogravimetric analysis (TGA) and (b) first-derivate thermogravimetric (DTG) curves. 
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Figure 7. SEM images of 3D printed scaffolds of PHB75-PLA blend samples with additives: (a) PHB75-PLA, (b) PHB75-PLA-EGM, (c) PHB75-PLA-EMAG, (d) PHB75-PLA-ELO and (e) PHB75-PLA-Xibond. 
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Figure 8. Compression test of 3D printed scaffolds of the PHB75-PLA blend with different additives: (a) stress–strain curves and (b) compression properties, where the blue arrow indicates compressive modulus and the black arrow indicates stress at yield. 
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Figure 9. Water contact angle measurements of the 3D printed scaffolds of the PHB75-PLA blend with different additives. 
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Figure 10. Metabolic activity of human foetal osteoblastic (hFOB) cells of printed scaffolds. 
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Figure 11. SEM images of cell proliferation of human osteoblastic cells on 3D printed scaffolds after 7 days: (a) PHB75-PLA-EMAG (500×); (b) PHB75-PLA-ELO (500×); (c) PHB75-PLA-Xibond (500×); (d) PHB75-PLA-Xibond (125×). Red box indicates lamellipodia and white arrow a filopodia formation. 
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Table 1. Composition of PHB/PLA biocomposites.
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Parts Per Hundred Resin (phr)




	
Sample Code

	
PHB (wt%)

	
PLA (wt%)

	
EGM

	
EMAG

	
ELO

	
Xibond






	
PHB75-PLA

	
75

	
25

	
-

	
-

	
-

	
-




	
PHB75-PLA-EGM

	
75

	
25

	
5

	
-

	
-

	
-




	
PHB75-PLA-EMAG

	
75

	
25

	
-

	
5

	
-

	
-




	
PHB75-PLA-ELO

	
75

	
25

	
-

	
-

	
5

	
-




	
PHB75-PLA-Xibond

	
75

	
25

	
-

	
-

	
-

	
5











 





Table 2. Printing parameters for the standards geometries and scaffolds.
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	Printing Parameters
	Standards Geometries
	Scaffolds





	Nozzle (mm)
	0.4
	0.4



	Printing temperature (°C)
	195
	195



	Bed temperature (°C)
	45
	45



	Printing speed (mm/s)
	50
	15



	Layer height (mm)
	0.2
	0.2



	Infill (%)
	100
	30



	Raster angle (°)
	0/90
	0/90










 





Table 3. Flexural test of non-porous PHB75-PLA blend samples with additives.
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	Sample
	Flexural Modulus (MPa)
	Flexural Strength (MPa)
	Flexural Strain (%)





	PHB75-PLA
	3330 ± 120
	53.5 ± 4.0
	3.1 ± 0.3



	PHB75-PLA-EGM
	2900 ± 254
	52.5 ± 1.7
	3.4 ± 0.3



	PHB75-PLA-EMAG
	3050 ± 124
	52.6 ± 4.7
	3.7 ± 0.3



	PHB75-PLA-ELO
	3080 ± 207
	54.1 ± 1.3
	4.6 ± 0.2



	PHB75-PLA-Xibond
	3200 ± 135
	57.0 ± 1.6
	3.3 ± 0.4










 





Table 4. Differential scanning calorimetry (DSC) thermal properties of PHB75-PLA blend composites.
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	Sample
	Tg (°C)
	ΔHcc (J·g−1)
	Tcc (°C)
	ΔHm (J·g−1)
	Tm (°C)
	Xc (%)





	PHB75-PLA
	60.6 ± 0.6
	1.51 ± 0.1
	91.0 ± 0.4
	82.8 ± 1.2
	174.3 ± 0.5
	61.2 ± 0.5



	PHB75-PLA-EGM
	61.0 ± 0.4
	1.64 ± 0.2
	91.7 ± 0.5
	76.8 ± 1.0
	171.4 ± 0.4
	56.6 ± 0.4



	PHB75-PLA-EMAG
	61.5 ± 0.5
	1.69 ± 0.1
	91.2 ± 0.5
	75.1 ± 0.9
	172.2 ± 0.6
	55.3 ± 0.4



	PHB75-PLA-ELO
	58.0 ± 0.7
	0.82 ± 0.1
	87.8 ± 0.6
	78.9 ± 1.1
	171.5 ± 0.4
	58.7 ± 0.3



	PHB75-PLA-Xibond
	60.9 ± 0.6
	3.08 ± 0.3
	91.4 ± 0.8
	78.6 ± 0.9
	171.9 ± 0.5
	56.9 ± 0.5










 





Table 5. Porosity and pore size of 3D printed scaffolds of the PHB75-PLA blend with different additives.
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	Sample
	Bulk Density (g/cm3)
	Apparent Density (g/cm3)
	Porosity (%)
	Pore Size (μm)





	PHB75-PLA
	1.24 ± 0.01
	0.57 ± 0.04
	53.3 ± 3.7
	710.7 ± 28.8



	PHB75-PLA-EGM
	1.20 ± 0.02
	0.57 ± 0.03
	52.5 ± 3.8
	718.4 ± 40.5



	PHB75-PLA-EMAG
	1.21 ± 0.02
	0.57 ± 0.01
	52.9 ± 1.5
	675.0 ± 25.0



	PHB75-PLA-ELO
	1.22 ± 0.02
	0.60 ± 0.02
	50.3 ± 2.1
	712.3 ± 37.5



	PHB75-PLA-Xibond
	1.22 ± 0.01
	0.58 ± 0.03
	52.2 ± 3.5
	696.5 ± 18.2
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