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Abstract: In this research, hierarchical scaffolds including poly(lactic acid) (PLA) micro struts and nanocomposite gelatin-forsterite fibrous layers were developed using fused deposition modeling (FDM) and electrospinning (ES), respectively. Briefly, geometrically various groups of pure PLA scaffolds (interconnected pores of 230 to 390 μm) were fabricated using FDM technique. After mechanical evaluation, ES technique was utilized to develop gelatin-forsterite nanofibrous layer. To study these scaffolds, scanning electron microscopy (SEM), Fourier transform infrared spectroscopy, and uniaxial compression tests were performed. Furthermore, bioactivity of the scaffolds was evaluated by immersing in the simulated body fluid and apatite formation on the surface of the scaffolds was investigated. Results depicted that elastic modulus of PLA/gelatin-forsterite scaffolds, fabricated by a combinational approach, was significantly higher than that of pure one (about 52%). SEM images showed the formation of calcium phosphate-like precipitates on the surface of these scaffolds, confirming the effects of nanocomposite fibrous layer on the improved bioactivity of the scaffolds. Regarding the obtained biological as well as mechanical properties, the developed bio-composite scaffolds can be used as a biocompatible candidate for bone tissue regeneration.
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1. Introduction
Tissue engineering is a multidisciplinary field including the combination of engineering and life science in order to provide a suitable structural framework to restore, protect, or augment the tissue functions [1]. From tissue engineering point of view, three-dimensional (3D) biocompatible scaffolds needed for bone regeneration have to mimic both biological and mechanical properties of the extracellular matrix (ECM) in order to control the cell function, diffusive capability and induce bone regeneration [2]. Furthermore, high diffusivity is necessary for 3D scaffolds in order to facilitate the mass transport of oxygen and nutrients [3,4]. To access this approach, the average pore size of scaffolds should be in the range of 300-400 μm to allow growing of the osteons into the scaffold [5]. In this regard, a complete library for engineered scaffold structures and their features was reported by Cheah et al. [6,7].
There are several techniques applied to fabricate 3D scaffolds such as fiber bonding [8], particular leaching [9] and emulsion freeze-drying [10]. Despite the promising results from each technique, they indicate limitations consisting of uncontrollable architecture and lack of ability to control pore size and interconnectivity [11]. Other modern techniques developed for the fabrication of 3D scaffolds are additive manufacturing (AM) or rapid prototyping (RP) techniques [4,12]. These techniques are based on joining materials via layer by layer approach. They have undoubtedly revolutionized the fabrication of scaffolds by improving the ability to control pore size and interconnectivity [13]. These 3D scaffolds have been widely applied for various biomedical applications [14,15].
According to working principal, AM processes are divided into seven sub-groups of powder bed fusion, extrusion-based, material jetting, binder jetting, sheet lamination, directed energy deposition, and vat photo-polymerization processes [16]. FDM is one of the simplest and lowest cost methods [14], which is based on thermoplastic material deposition onto a platform [17]. FDM technique causes a noteworthy improvement in the quality of scaffold's constructs [18] and it can be used for a range of plastics [19]. Although FDM method has undeniable profits like eliminating the solvent from the fabrication process and possibility of vast material selection, it has some drawbacks like large pore sizes [20,21]. In order to overcome these issues, FDM technique has been combined with conventional techniques such as electrospinning (ES) and freeze-drying [22,23]. In this way, in order to mimic the ECM matrix, FDM technique has recently been combined with ES to develop scaffolds having the benefits of various kinds of materials just in one construction [13,24]. ES technique has been considered as an old technique to develop highly porous and fibrous scaffolds [25]. This method has the ability to control the morphology and diameter of fibers in the range of several micro to nanometers. The combination of AM and ES was the first effort to develop scaffolds with both micro- and nano-fibers [26]. For instance, Chen et al. [27] combined ES and FDM techniques for the fabrication of heart valve scaffold with desired physical and mechanical features.   
Various types of polymers have been applied to develop 3D scaffolds bone tissue engineering applications. Amongst them, poly(lactic acid) (PLA) is a conventional and environmentally friendly thermoplastic polymer which belongs to the family of polyesters [28]. Recently, PLA scaffold has been developed using FDM approach [16,17,24,29,30]. For instance, Whulanza et al. developed PLA-gelatin scaffold using FDM approach for bone tissue engineering and showed that it can be used for direct cell incorporation in PLA scaffold [31]. However, the weak hydrophilicity of this polymer should be overcome via various physical or chemical methods [32,33].  The combination of synthetic polymers with natural polymers and bioactive ceramics is a promising approach developing scaffolds with improved mechanical and biological properties [34,35]. As an example, the fabrication of polymer-based composite scaffolds for bone tissue engineering has been reported elsewhere [12]. As another potential biomaterial, gelatin, derived from collagens, is a natural polymer which is highly applicable in tissue engineering due to its lower cost and relatively low antigenicity rather than collagen [34,36,37]. Recently, gelatin has been widely applied in combination with synthetic polymers such as polycaprolactone (PCL) and bioactive ceramics to promote biological properties for bone tissue engineering applications [24,35]. Between bioactive ceramics, forsterite (Mg2SiO4) has been introduced as novel bioceramics with interesting mechanical and biological properties [38,39]. Compared to other conventional bioactive ceramics such as hydroxyapatite and bioactive glass, forsterite shows significantly higher fracture toughness, superior to the lower limit reported for cortical bone [40,41]. These properties make it suitable for bone tissue engineering applications [39,42,43]. 
The aim of this study was to develop scaffolds of PLA/gelatin-forsterite using layer by layer FDM and ES techniques. The importance of the fabrication of bio-composites has been highlighted elsewhere [44,45]. To the best of authors’ knowledge, this is the first study presenting a fabrication method based on ES and FDM together considering a combination of PLA, gelatin, and forsterite. It was hypothesized that such a composition can satisfy both of mechanical (e.g. proper elastic modulus) and biological (e.g. bioactivity) requirements of scaffolds for bone tissue regeneration. For this purpose, micro-struts of PLA and nanocomposite gelatin-forsterite fibrous layers were fabricated using FDM and ES techniques together, respectively. It was supposed that adding gelatin-forsterite nanocomposite fibrous layers could improve the bioactivity and mechanical properties compared to pure PLA scaffold.
2. Materials and Methods 
2.1. Materials	
Gelatin (Type-A gelatin from bovine skin), acetic acid and N,N-(3-dimethylaminopropyl)- N’-ethyl-carbodiimide hydrochloride (EDC) were purchased from Sigma Company. Forsterite nanopowder (particle size = 25–45 nm) was synthesized by sol–gel method according to our previously reported procedures [39]. PLA (translucent, clear) was also supplied by Bits from Bytes (Clevedon, UK) as a 2.7 mm diameter filament for both scaffolds. The PLA polymer filaments applied in the fabrication process of scaffolds had Tg, Tc and Tm 62, 112, and 170, respectively.
2.2. Design and fabrication of pure scaffolds
Pure PLA scaffold was developed using FDM technique and in order to evaluate the effects of pore size and shape on the characteristics of scaffolds, three different groups were designed using G-Code program and named with S1, S2, and S3 symbols. For bone tissue regeneration, scaffolds with 50 µm to 500 µm pore size have been reported [3]. The details of 3D-printing conditions are presented in Table 1. The generated G-code data was transferred to FDM machine. All scaffolds were fabricated by RAPMAN 3.2 (Clevedon, UK) with double nozzle head supplied by Bits from Bytes (Figure 1). The nozzle temperature was adjusted to 195 and 210  with respect to the sample. Moreover, the amount of layer thickness was set at 0.5 mm in the G-Code program. Additionally, the scaffolds were designed with 0-90 lay down pattern and fabricated in 35354 mm3 sizes.
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[bookmark: _Ref432608414]Figure 1. The FDM machine (Rapman 3.2) used to fabricate PLA scaffolds
[bookmark: _Ref434140853]Table 1. Details of the 3D-printing conditions in FDM machine
	Samples
	Liquefier 
temperature ()
	Filament feed rate
 (RPM)
	Head speed
 (mm/s)

	S1
	210
	10
	6

	S2
	210
	20
	7

	S3
	195
	10
	5



According to Zein et al. [46], liquefier temperature and filament feed rate are factors which have a direct correlation with the consistency of the material flow for fabricating porous structures. Hence, all parameters were selected based on these pivotal factors. In addition, head speed was selected for reducing the fabrication time as well as having well-organized structures.
2.3. Development of PLA/gelatin-forsterite scaffolds using FDM and ES techniques
Scaffolds were developed via the addition of nanocomposite fibrous gelatin-forsterite layers via electrospinning technique, after every two layers of PLA microfibers (Figure 2). For this purpose, after fabrication of the first and second layers of PLA scaffold by FDM machine, nanocomposite gelatin-forsterite fibrous layer was electrospun on the top of the scaffold.
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[bookmark: _Ref432608867]Figure 2. The production procedure of scaffold, fabricated using a combinational approach, including 1,2) fabrication of first and second layers of PLA using FDM, 3) adding micro/nanofibers using ES, 4) adding next layers of PLA using FDM technique
For the electrospinning process, gelatin-forsterite suspension consisting of 10%(w/v) forsterite nanopowder was prepared in a 10 %(w/v) gelatin solution in 80% (v/v) acetic acid mixture. After 1h sonication, the suspension was fed into 1 mL standard syringes equipped with a 23G blunted stainless steel needle using a syringe under the optimized ES parameters consisting 1 ml/h flow rate, 18 cm working distance (the distance between the collector and needle) and 17 kV voltage. Fibers were collected on the fabricated PLA scaffolds attached to the aluminum foil and kept for 24 h at room temperature in a vacuum desiccator to remove any residual solvent. This trend was repeated, subsequently, until the thickness of scaffolds was reached to 4 mm. 
Due to rapid degradation of gelatin at a wet condition, crosslinking should be performed. For the crosslinking process, scaffolds were immersed in 75 mM EDC in 90% (v/v) ethanol solution for 12 h at 4 . Finally, the crosslinked scaffolds were washed with phosphate buffered saline (PBS) to remove the residual of the crosslinking agent.
2.4. Scaffold characterization
The particle size morphology and distribution of forsterite nanopowder was determined using transmission electron microscopy (TEM). The chemical composition of the applied PLA and nanocomposite fibrous gelatin-forsterite were also confirmed through Fourier transform infrared spectroscopy (FTIR) (Bomem, MB 100) performed over a range of 600–4000 cm−1 and resolution of 2 cm−1.
The porosity of scaffolds was evaluated using Archimedes approach based on the following equations [47]:




Where Md is the mass of dry scaffolds, Msw is the mass of the scaffolds swollen in ethanol, V(pore) is the amount of ethanol filled the open pores and V(scaffold) is the volume of the scaffold taken by the polymer. The density of the PLA was 1.17 gr/cm3 and for ethanol was 0.807 gr/ cm3. All the masses were measured via RADWAG® (AS 220/C/2) balance with 0.1 mg accuracy.
The morphology of the scaffolds was evaluated using scanning electron microscopy (SEM) (Philips XL30). Before imaging, the samples were gold-coated using sputter-coater. Additionally, SEM images were imported into Image J® 1.48v software (National Institute of Health, USA) and the fiber (n=40), strut diameter (n=40), and the pore size of the fabricated scaffolds were estimated.
The mechanical properties of the scaffolds were determined using compression test using Hounsfield (H50KS, Shakopee, USA) machine with preload of 1.5 N (load cell with the capacity of more than 5KN). According to ISO 604/B/1 [48], samples were cut into 10  10  3 mm3 right prism shapes. The compression speed was set to 1 mm/min and after setting up compression plate, the compression load was fixed to zero every time.
Bioactivity of scaffolds, fabricated using FDM and ES, was also investigated using immersing into (SBF) prepared according to Kokubo protocol [49]. The samples with dimensions of 10103 mm3 were put in the polyethylene containers and kept at 37 °C for a month. The formation of apatite layer on the scaffolds, fabricated using the combinational approach, was confirmed using SEM imaging.
3. Results and discussion
SEM images were also utilized to determine the morphology as well as strut diameter and pore size of the samples (Figure 3). According to the side view of the sample S3 (Figure 3(d)), presented as an example, all samples had rectangular-shaped interconnected pores. The average strut diameter and pore size mean values, in X and Y directions, of scaffolds were estimated from SEM images and presented in Table 2. 
[bookmark: _Ref442098455]Table 2. Physical and mechanical properties of sample S1, S2 and S3
	Sample
	Strut diameter (μm)
	Pore size (mean values ±SD) (μm)
	Porosity (%)
	Elastic modulus (MPa)

	
	
	X direction
	Y direction
	
	

	S1
	7805
	3103
	3906
	36.20.6
	121.5437.89

	S2
	8208
	2305
	4004
	34.10.8
	153.6037.9

	S3
	5404
	3303
	3604
	39.20.8
	112.0829.6



Between various scaffolds, sample S2 revealed the largest struts (8208 μm), while its pore size distribution in the X-direction was the least (2305 μm vs 3103 μm (at S1 sample) and 3303 μm (at S3 sample)). These larger struts are due to using higher feed rate during the printing process. Sample S2 shows largest struts, 8208 μm, whereas samples S1 and S3 that contain smaller ones with 7805 and 5404 μm, respectively. In terms of the pore size, sample S2 contains more rectangular shape pores than square one. The pores in this sample were around 230 x 400 μm. The pores of the S1 sample were about 310 x 390 micron and the ones of S3 were about 330 x 360 μm (the size with the most possibility were selected). Therefore, sample S3 contained more uniform pores than the other two samples. Liquefier temperature and filament feed rate are factors that are responsible for theses changes in the morphology of scaffolds. Moreover, nozzle speed in X and Y directions could have a decisive role affecting the struts’ diameter. Considering the proper pore size for osteons which is 300 to 400 μm [5], sample S2 could not be a good candidate. Sample S3 had a priority over sample S1 due to its uniform distribution of pore sizes. Therefore, S3 was the sample selected for the fabrication of scaffold, fabricated using FDM and ES. Moreover, based on equations (1), (2), and (3), the average porosity of samples was calculated about 36.20.6%, 34.10.8%, and 39.20.8% for S1, S2, and S3 samples, respectively. It is worth mentioning that all the fabrication parameters of scaffolds, in this study, were selected based on pivotal factors of feed rate and head temperature, and proper pore size for osteons, according to literature. Moreover, head speed was selected for reducing the fabrication time as well as having well-organized structures. In the extrusion-based technique, the optimized head speed can be estimated based on the flow rate of the material depending on viscosity, flow consistency, etc. [50].
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[bookmark: _Ref442247402]Figure 3. Characterization of the PLA scaffolds: SEM images of a) S1, b) S2, c) S3 samples, and d) the cross view the S3
It was reported that a huge difference between the elastic modulus of the scaffold and natural bone can cause some issues like stress shielding [51]. Mechanical properties of the samples were evaluated using compression test (Figure 4). Based on ASTM D695 [52], the elastic modulus of each sample was calculated. All samples present a non-linear behavior at the beginning, followed by a relatively linear trend, and finished by a semi-plateau reaction. The linear section was considered for the calculation of the elastic modulus. As it was reported in Table 2, the average value of the elastic modulus of sample S1, S2 and S3 were 121.5437.89 MPa, 153.6037.9 MPa and 112.0829.6 MPa, respectively. It should be noted that the elastic modulus of PLA scaffolds was dependent on the molecular weight and the degree of crystallinity of the PLA [53,54]. Hence, different PLA materials with various molecular weight and degree of crystallinity can result in different mechanical properties. With respect to the obtained values, sample S2 had the higher mechanical properties, resulting from larger struts diameter and less average pore size than two other samples (S1 and S3). However, considering the large deviations of the results, the Student’s t-test did not confirm a meaningful difference. It might be due to the anisotropic characteristics of FDM parts with respect to various reports about the influence of directionally-dependent techniques like FDM as it was reported by Ziemian, et al. [55]. It should be noted that in the most majority of studies related to bone tissue engineering, the emphasis is put on elastic modulus due to issues related to stress-shielding phenomenon. For instance, Ostrowska et al. reported 5.4 MPa as the elastic modulus of scaffolds, fabricated using FDM and ES, including PCL micro struts in addition to PLLA nano fibers [56]. In other studies, 2.05 MPa and 9.68 MPa were reported as the elastic modulus of PCL-based scaffolds, fabricated using a combinational approach [21,57]. However, the elastic modulus of cancellous bone is between 10 to 2000 Mpa, according to [56]. Therefore, the aforementioned scaffolds have lower elastic modulus rather than the cancellous bone and, thus, scaffolds with higher elastic modulus are required. To address this issue, in this study, parameters were selected so that higher elastic modulus was achieved. 
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[bookmark: _Ref442248070]Figure 4. Stress-strain curves of compression tests performed on PLA samples
After optimization of FDM parameters and selection of sample S3 as the optimized scaffold, layer by layer process was performed using FDM technique followed by ES process in order to develop scaffolds using this combinational approach. SEM images of this scaffold are presented in Figure 5(a) and (b) as secondary and backscatter modes, respectively. Electrospun fibers distributed throughout the surface of micro PLA struts and covered the entire strut's surface properly. High magnification image of nanocomposite gelatin-forsterite fibrous scaffold (Figure 5(c)) revealed the formation of uniform and bead-free fibers with the average size of 580160 µm. Moreover, forsterite nanopowder with the particle size of 25-45 nm and spherical shapes (inset in Figure 5(c)) was uniformly dispersed within gelatin matrix without any agglomeration. FTIR spectrum of nanocomposite gelatin-forsterite fibrous layer (Figure 5(d)) also demonstrated the presence of gelatin and forsterite nanopowder. The spectrum consisted of the characteristic peaks of gelatin at 1650 cm-1 (C=O stretching), 1550 cm-1 (N-H bend and C-H stretching), 1267 cm-1 (N-H stretching) and 3300 cm-1 (N-H stretching vibration), corresponding to amide I, amide II, amide III and amide A peak, respectively. Furthermore, the characteristic absorption bands of forsterite at 830–1000 cm-1 related to the various vibration modes of Si-O-Si bonds were observed confirming the presence of forsterite within gelatin matrix. 
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[bookmark: _Ref432708733]Figure 5. Characterization of PLA/gelatin-forsterite scaffolds: SEM images (a) Secondary and b) backscatter modes) of the PLA/gelatin-forsterite scaffold, c) SEM images of nanocomposite gelatin-forsterite fibrous layer (inset is the TEM micrograph of the forsterite nanopowders), d) FTIR spectrum of the nanocomposite gelatin-forsterite fibrous layer
The stress-strain curve of the PLA/gelatin-forsterite scaffold is shown in Figure 6. The elastic modulus of this scaffold was 170.313.9 MPa which was more than that of pure PLA one (112.0829.6 MPa). However, it was reported that the addition of nanofibers using ES technique to the struts of the additive manufactured scaffolds decreases the compressive elastic modulus of the scaffold, fabricated using FDM and ES, rather than the additive manufactured one [21,56]. Our results showed that the scaffolds, fabricated using the proposed combinational approach, had more elastic modulus rather than the pure ones. It might be because of the presence of forsterite nanopowder to the gelatin matrix. It was reported that the addition of nanoparticles to the polymeric structure could enhance the mechanical properties [58]. Furthermore, nanocomposite fibrous layer may increase the effective surface of the previous layer, resulting in better attachment of the next PLA deposition. It can be concluded that the incorporation of the gelatin-forsterite nanocomposite fibrous layer not only reduced pore size but also could enhance the mechanical properties of the scaffolds. 
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[bookmark: _Ref432709711]Figure 6. Stress-strain of PLA/gelatin-forsterite scaffold 
The ability of PLA/gelatin-forsterite scaffolds in the formation of bone-like apatite on the scaffold surface was evaluated using soaking in SBF solution. SEM images of these scaffolds after immersion in SBF for 28 days are shown in Figure 7. It was observed that the struts of the scaffold were covered by hydroxyapatite (HA) crystals. This cover could be identified via famous cauliflower-like and globular shape of hydroxyapatite crystals confirming the bioactivity of these scaffolds. 
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[bookmark: _Ref432711534]Figure 7. Representative SEM images of the PLA/gelatin-forsterite scaffolds after immersion in SBF for 28 days
It was reported that deposited crystals were not formed on the surface of pure PLA scaffold immersed in SBF for 35 weeks [54]. However, our results showed that the combination of PLA and gelatin-forsterite could provide a good substrate for HA deposition. This could be due to the presence of forsterite nanopowder and its role to have a bioactive scaffold. Recent results showed significantly higher potential of forsterite for in vivo bone formation than other bioactive ceramics such as bioactive glass [40,41]. Therefore, the presence of forsterite nanopowder within 3D scaffolds with appropriate pore size could provide a promising construct for bone tissue engineering application.
4. Conclusions 
This study was focused on the development of novel scaffolds of PLA microfibers combined with nanocomposite gelatin-forsterite fibrous layer for bone tissue engineering application. The emphasis was put on the formation of PLA/gelatin-forsterite scaffold with lower pore size than that of PLA one, as the main novelty of this study. Results indicated that hierarchical scaffolds, fabricated using FDM and ES, revealed 52% increase in elastic modulus rather than the pure one owing to the presence of forsterite nanopowder incorporated within gelatin matrix. In addition, immersing the PLA/gelatin-forsterite scaffolds in SBF solution showed the significant formation of bone-like apatite on the surface of the struts. It was concluded that the proposed scaffolds, as a bio-composite fabricated using a combinational trend, provide appropriate mechanical and biological properties. Based on the achieved results, these scaffolds of PLA and gelatin-forsterite had appropriate mechanical and biological properties, so that it can be applied as a bioactive bone substitute in maxillofacial applications.
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Figure captions
Figure 1. The FDM machine (Rapman 3.2) used to fabricate PLA scaffolds
Figure 2. The production procedure of PLA/gelatin-forsterite scaffold, fabricated using a combinational approach, 1,2) Fabrication of first and second layers of PLA using FDM, 3) adding nanofibers using ES and 4) adding next layers of PLA using FDM technique
Figure 3. Characterization of PLA scaffolds: SEM images of a) S1, b) S2, c) S3 samples, and d) the cross view the S3
Figure 4. Stress-strain curves of compression tests performed on PLA samples
Figure 5. Characterization of the PLA/gelatin-forsterite scaffolds: SEM images (a) secondary and b) backscatter modes) of the PLA/gelatin-forsterite scaffold, c) SEM image of nanocomposite gelatin-forsterite fibrous layer (inset is the TEM micrograph of the forsterite nanopowders) and d) FTIR spectrum of the nanocomposite gelatin-forsterite fibrous layer
Figure 6. Stress-strain of the PLA/gelatin-forsterite scaffold. 
Figure 7. Representative SEM images of the PLA/gelatin-forsterite scaffolds after immersion in SBF for 28


















Tables
Table 3. Details of the 3D-printing conditions in FDM machine
Table 4. Physical and mechanical properties of sample S1, S2 and S3
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