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ABSTRACT
[bookmark: _Hlk109908437]The efficiency of nerve guide conduits (NGC) in repairing peripheral nerve injury is not high enough yet to be a substitute for autografts and is still insufficient for clinical use. To improve this efficiency, 3D electrospun scaffolds (3D/E) of poly(L-lactide-co-𝜀-caprolactone) (PLCL) and poly(L-lactide-co-glycolide) (PLGA) were designed and fabricated by the combination of 3D printing and electrospinning techniques, resulting in an ideal porous architecture for NGCs. Polypyrrole (PPy) was deposited on PLCL and PLGA scaffolds to enhance biocompatibility for nerve recovery. The designed pore architecture of these ‘PLCL-3D/E’ and ‘PLGA-3D/E’ scaffolds exhibited a combination of nano- and microscale structures. The mean pore size of PLCL-3D/E and PLGA-3D/E scaffolds were 289 ± 79 and 287 ± 95 nm, respectively, which meets the required pore size for NGCs. Furthermore, the addition of PPy on the surfaces of both PLCL-3D/E (PLCL-3D/E/PPy) and PLGA-3D/E (PLGA-3D/E/PPy) led to an increase in their hydrophilicity, conductivity and non-cytotoxicity, compared to non-coated PPy scaffolds. Both PLCL-3D/E/PPy and PLGA-3D/E/PPy showed conductivity maintained at 12.40 ± 0.12 and 10.50 ± 0.08 Scm-1 for up to 15 and 9 weeks, respectively, which are adequate for the electroconduction of neuron cells. Notably, the PLGA-3D/E/PPy scaffold showed superior cytocompatibility when compared with PLCL-3D/E/PPy, as evident via the viability assay, proliferation, and attachment of L929 and SC cells. Furthermore, analysis of cell health through membrane leakage and apoptotic indices showed that the 3D/E/PPy scaffolds displayed significant decreases in membrane leakage and reductions in necrotic tissue. Our finding suggests that these 3D/E/PPy scaffolds have a favorable design architecture and biocompatibility with potential for use in peripheral nerve regeneration applications.  
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1. INTRODUCTION
Currently, nerve guide conduits (NGCs) for peripheral nerve injury can be defined as tubes that guide two stumps of injured nerves to reconnect. The advantages of NGCs are their relatively rapid and easy application, donor site morbidity prevention and tension-free repair method. Despite the many advantages of using NGCs and intense research in the area, there are still many challenges and clinical problems to solve. This is because they do not mimic sufficiently the extracellular matrix (ECM); they are not applicable for long nerve gaps (>40 mm); and are still expensive. Thus, NGCs are not yet an ideal alternative to surpass those of autografts as the standard method. The design of NGCs must be further developed to produce more ideal characteristics and surpass the properties of autografts, to offer more clinical options in the future.1-6
To design an appropriate NGC for the repair of nerve injuries, it is important to consider the current concept of an ideal nerve repair. In addition, an NGC must be non-cytotoxic and biodegradable, whilst maintaining a mechanically stable architecture during the regeneration process. For example, Chiono, et al report that ideally, NGCs should have the mechanical properties mimicking the human nerves (elastic modulus = 8 – 16 MPa).13,14 The NGC should also have a suitable degradation rate whilst maintaining a mechanically stable architecture during the nerve-regeneration process of 2 – 3 months after peripheral nerve injury.12,15 To support these requirements, design strategies such as the development of accurate porous architecture, adequate biocompatibility, and biodegradability properties have been taken into consideration.4-6,15
[bookmark: _Hlk109906103]Alternative repair methods have been focused on the development of the conduit wall for which preferable pore sizes are in the range of approximately 5- to 30 µm. These scaffolds were designed to mimic the ECM by providing structural support as well as promoting cell attachment and proliferation.15 The research efforts must consider the best suited techniques for production. Nowadays, various 3D printing techniques have emerged and can be applied to develop scaffolds for neural tissue engineering.16-24 3D printing techniques are simple and fast methods to fabricate macro- to microscale scaffolds.25-28 However, conventional 3D printing exhibits difficulty in achieving nanoscale resolution, which is unfavourable for the attachment and proliferation of cells. To overcome this problem, some researchers have proposed the combination of 3D printing and electrospinning techniques,29-32 because electrospinning can produce nanofibrous scaffolds with high porosity and different pore sizes.33-35 However, electrospinning has a long processing time and does not permit enough control of pore architecture.15,35 Thus, a combination of both techniques could provide a preferable pore size for ideal NGCs.30
Another strategy should be the selection of materials used in the fabrication of NGCs. The material used must have the appropriate mechanical strength, biocompatibility and degradation profile to facilitate bridging the nerve gap defect, which needs to offer clinical options for further use. A wide variety of different biomaterials derived from synthetic aliphatic polyesters that are biodegradable materials with good biocompatibility, such as polylactide, polycaprolactone, polyglycolide and their copolymers.36-43 For peripheral nerve repair, poly(L-lactide-co-𝜀-caprolactone) (PLCL) and poly(L-lactide-co-glycolide) (PLGA) are of interest for use in the fabrication of NGCs. However, PLCL and PLGA have some drawbacks that limit their growth stimulation and proliferation during tissue regeneration due to their poor hydrophilicity.3-6,30 In general, surface modification of these biopolymers has been applied in order to facilitate better matching of the properties of the native tissue. In electroactive tissues, such as nerves, electrically conducting polymer polypyrrole (PPy) has been successfully used as a surface modification polymer. Furthermore it has been evaluated in numerous in vitro models and has been shown to enhance nerve outcomes significantly in the presence of electrical cues.1,4,6 This is because electrical cues play an important role to induce the neuron communication at the synapse in the body.44-50 Research suggests that electrical factors are effective prompts to guide the extension and direction of neurons and nerve tissue.47-50 Consequently, it is necessary to have a scaffold that would be conductive itself to deliver electrical signals for enhancing cell repair.1,33
[bookmark: _Hlk95599168]In this study, we designed and constructed scaffolds for NGCs, which have good architectural design, adequate biocompatibility and comprised of biodegradable materials for enhancement of peripheral nerve regeneration. These scaffolds for NGC application use of the combination of 3D printing and electrospinning techniques. The rational for this approach is to use the simple and rapid 3D printing technique as the outside conduit wall to help increase the scaffold thickness and strength and prevent collapse during the 2–3-month regeneration process. While the inner conduit wall uses an electrospun phase that enables nanoscale architecture that the cells adhere to first which are then guided along the NGC. This enables the overall production to be more cost effective with a significantly shorter processing time.
These PLCL and PLGA scaffolds also included a PPy-coating, which involves the PPy particles being deposited onto the scaffolds to modify the conductivity of the scaffold surface. This also influences the biocompatibility of the absorbable nerve guides, which is expected to enhance cell attachment and proliferation. The surface properties of these scaffolds were characterized and their cytocompatibility assessed by analyzing the response of mouse fibroblast (L929) and human Schwann cells (SCs) in terms of cell toxicity, attachment and proliferation. Furthermore, we compared the response of SCs to non-coated and PPy-coated scaffolds by examining membrane leakage and apoptotic indices. This study reveals that PPy-coated on 3D printed electrospun scaffolds of PLCL and PLGA is an alternative new approach for enhancing cell attachment and proliferation for the time.
2. MATERIALS AND METHODS	
2.1. Materials
PLCL (70:30 mol%; Mn = 29881 g mol-1) and PLGA (80:20 mol%; Mn = 30306 g mol-1) copolymers were synthesized by ring-opening polymerization (ROP) in bulk and were obtained from the Bioplastic Production Laboratory for Medical Applications, Faculty of Science, Chiang Mai University (Thailand). Analytical grade dichloromethane (DCM), N,N-dimethylformamide (DMF) and chloroform (CHCl3) were purchased from Labscan. Pyrrole monomer was purchased from Sigma Aldrich (Sydney, Australia). Sulfuric acid (H2SO4) and ammonium persulfate (APS) were purchased from Sigma-Aldrich (Sydney, Australia).
[bookmark: _Hlk86180146]2.2 Preparation of PPy coated on PLCL and PLGA scaffolds 
[bookmark: _Hlk86181010]PPy coated on PLCL and PLGA scaffolds were fabricated as shown in Figure 1. Briefly, PLCL and PLGA 3D printed scaffolds (3D scaffolds) were produced via the 3D-Bioplotter procedure (EnvisionTEC, Gladbeck; Germany) using extrusion-based bioprinting. In order to fabricate the 3D scaffold, PLCL and PLGA copolymers were first dissolved in CHCl3 at various concentrations (20.0, 22.0, 25.0, 27.0 and 30.0% w/v of PLCL and 30.0, 30.5, 31.0, 31.5 and 32.0% w/v of PLGA, respectively). These polymer solutions were then left for 24 h at room temperature before being stirred and sonicated to promote a homogeneous solution for the 3D fabrication processing. The PLCL and PLGA solutions with different concentrations were loaded into a printing cartridge (~30 ml) and then the cartridge was placed in a low-temperature printing head (25 °C). The process utilized the bioplotter RP 3.1.1540 software to design layer-by-layer three-dimensional structures (i.e. size, shape and thickness). The computer program visual machine was used to control the printing process of scaffold prototype. The printing process was set at 25 °C for the cartridge temperature, nozzle-to-substrate distance of 2 mm and outer needle diameter of 0.51 mm. The 3D printed scaffolds were left to dry under vacuum in an oven at room temperature for 24 h to remove residual solvent.51-53
For the preparation of 3D printed scaffolds coated by electrospun nanofiber (3D/E scaffolds), PLCL (10 % w/v) and PLGA (14 % w/v) were dissolved in a mixed-solvent system of DCM and DMF in a ratio of 7:3 (% v/v) and stirred vigorously overnight.39,40 The 3D printed scaffolds of PLCL and PLGA were mounted on aluminum foil (as a ground collector) and spun coated for 30 min, using electrospinning parameters at a voltage of 15 kV, tip-to-collector distance of 15 cm, a temperature of 25 °C and 30% relative humidity. The obtained samples of 3D/E scaffolds were then dried in a vacuum oven at room temperature for 24 h to remove any residual solvent.
[bookmark: _Hlk86178180][bookmark: _Hlk86178195]For the preparation of 3D/E scaffolds coated by PPy (3D/E/PPy scaffolds), briefly, aqueous solutions of pyrrole with different concentrations (3.7, 7.4, 15 and 22 mM) were prepared by dissolving pyrrole in 80 ml of 1 M H2SO4 solution. Then, the solutions were stirred for 30 min in an ice bath to control the solution temperature at 0 °C. Each scaffold was cut into 55 x 50 mm pieces and immersed in the pyrrole solution, followed by ultrasonication for 1 h to promote incorporation into the scaffolds. Then, 4.4 mM of ammonium persulfate (APS) was added dropwise, and the mixture was ultrasonicated and polymerized for 10, 20, 30, 60, 120, 180, 240, 300 and 360 min at 0 °C. After polymerization, the PPy coated PLCL and PLGA scaffolds were sonicated for 30 min, washed sequentially three times with deionized water and acetone, and then incubated in deionized water overnight to remove excess polymer, residues and any impurities. The final samples were dried in a vacuum oven at room temperature for 2 days.50
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Figure 1. Schematic diagram of 3D/E/PPy scaffolds fabrication: (a) preparation of 3D scaffolds by 3D-Bioplotter, (b) process of covering electrospun nanofiber on 3D printed scaffolds, and (c) deposition of PPy onto 3D/E scaffolds.
2.3 Surface characterization
2.3.1 Surface morphology
The surface morphology of scaffolds were observed using optical microscope (OM, Nikon Eclipse E400) and scanning electron microscope (SEM, JEOL 5910 LV). For sample preparation, the scaffolds were mounted onto metal stubs using carbon tabs and then spatter-coated with gold at an acceleration voltage of 15 kV. Fiber diameters and pore sizes were measured using image analysis software (ImageJ, National Institutes of Health, USA). The average width of a gap between fibers was analyzed from a random sampling of 50 fibers per SEM image. 
[bookmark: _Hlk107503109]2.3.2 Surface Chemical functionality
The chemical functionalities of scaffolds were confirmed using Raman Spectrometer (The Thermo Scientific iXR). A laser excitation wavelength of 514 nm was used to record the 18 Raman spectra (500–4000 cm-1).
2.3.3 Surface chemical composition
[bookmark: _Hlk39872598][bookmark: _Hlk80630733]X-ray photoelectron spectroscopy (XPS) was carried out to characterize the qualitative elemental surface composition of PPy-coated on PLCL and PLGA scaffolds. The scaffolds were cut into 1 × 1 cm2. An analysis of high-resolution scans were obtained using a monochromated Al K𝛼 source (energy of 1486.68 eV). The UV source with distinct He I (energy of 21.2 eV) and He II (energy of 40.8 eV) was used. High-resolution elemental scans were collected with a pass energy of 20 eV at take-off angles of 90° between the sample and analyzer. Peak deconvolution was performed using XPSPEAK software.

[bookmark: _Hlk83314711]2.3.4 Surface conductivity
The surface conductivity of PPy-coated on PLCL and PLGA scaffolds were assessed after surface modification, as previously described.49 Therefore, surface conductivity of the PPy-coated scaffolds was measured by a digital multimeter. The scaffolds were cut into 1 × 1 cm2 and the samples were measured using a digital multimeter with two silver electrodes (separated by 1 cm) contacted onto the scaffolds. Resistance (R) was measured between the two silver electrodes and the surface conductivity was obtained from the measured R according to:


Where, W and D, are width of sample and distance between the two silver electrodes, respectively.
2.3.5 Surface wettability properties
[bookmark: _Hlk39872636]The surface wettability of scaffolds was measured using a sessile drop contact angle meter (CA, Homemade contact angle meter). The CA was measured after the DI water droplet (10 μL) had rested for 5 s on the 1 × 1 cm2 scaffold using a microsyringe. All measurements and experiments were performed under ambient conditions (room temperature, 25 °C). The CA of a water droplet on the scaffold was determined using screen protractor software (screen protractor 4.0). Means of five readings were calculated for each sample (n=5).


[bookmark: _Hlk39704835][bookmark: _Hlk83314982]2.3.6 In vitro hydrolytic degradation and surface conductivity stability
[bookmark: _Hlk38756710][bookmark: _Hlk45307664][bookmark: _Hlk39869453]To confirm the stability of designed scaffolds, the scaffolds were studied for their in vitro hydrolytic degradation. The scaffolds were immersed in phosphate buffer saline (PBS) at pH 7.40 ± 0.01 and incubated at 37.0 ± 0.1 °C for 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 11, 13, 15, 21, 25, 28, 32 and 36 weeks. The degradation solution was replaced with fresh media every week. In vitro hydrolytic degradation was determined by measuring the % weight retention, as shown below. 

where wo and wt are the initial and final weight of scaffolds, respectively.
[bookmark: _Hlk39872277][bookmark: _Hlk39872265]After designated time intervals, the surface conductivity stability of PPy-coated scaffolds was measured by a digital multimeter (as previously mentioned) using equation shown below. 


Where, W and D, are width of samples and distance between the two silver electrodes, respectively.
2.3.7 Mechanical properties
The mechanical properties of scaffolds were performed using a universal testing machine (Lloyd Instruments/Ametek LS2.5, AMETEK, Berwyn, USA). Scaffolds were cut into 10 mm × 50 mm and then clasped on each end by mechanical grips. The tensile test was carried out at a strain rate of 10 mm/min with a 100 N load cell. The stress and strain data were calculated by load and displacement. Young’s modulus was calculated by linear regression of the stress-strain curve. Means of five readings were calculated for each sample (n = 3).
[bookmark: _Hlk41693735][bookmark: _Hlk80916105][bookmark: _Hlk80989295]2.4 In vitro cytotoxicity test
[bookmark: _Hlk93355612][bookmark: _Hlk83315536][bookmark: _Hlk93407761]The in vitro cytocompatibility of scaffolds was preliminarily tested using mouse fibroblast cells (L929) and entirely assessed using human Schwann cells (SCs), according to ISO 10993-5 (ISO 10993-5:2009 Biological evaluation of medical devices - Part 5: Tests for in vitro cytotoxicity). The cytocompatibility of scaffolds was performed by MTT [3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay. All of scaffolds were cut with the dimensions matching the inner diameter of a 96-well plate were placed. The scaffolds were sterilized under UV light for 30 min. 1×104 cells/mL of cell suspension in 10% serum (FBS) -containing Dulbecco’s Modified Eagle’s Medium (DMEM) completed medium was seeded into the 96-well plate. This was incubated at 37.0 ± 1°C in a humidified atmosphere at 95 ± 5% with containing 5% CO2 for 24 ± 2 h to obtain confluence monolayers of cells prior for testing. The DMEM-10% FBS completed medium was replaced with the extracts of blank, negative-control, positive-control and test specimens. All of samples were extracted at 37.0 ± 1°C for 24 ± 2 h. The extract of the test specimens was used without any manipulation. The cells were incubated further for 24 ± 2 h. After incubation, the viable cells were stained with MTT and incubated further for 2 h. Then MTT was removed and DMSO was added in each well. The absorbance was measured using Microplate reader at 570 nm (Anthos2010).
2.5 Cell proliferation and attachment 
The morphological characteristics of L929 and SC cells were evaluated in terms of attachment and proliferation. Cell proliferation and attachment were assessed using MTT assay. Two different cells of L929 and SC cells were used and were cultured in DMEM-10% FBS completed medium, harvested by trypsinization and counted. Cells (ca 2x104 cells) were plated into 96-well plates with each scaffold and incubated at 37.0 ± 1°C, 5 ± 0.1 % CO2 and 95 ± 5% relative humidity for 1, 3, 5 and 7 days. The medium was replaced every 2 days. For cell attachment, the morphology of L929 and Sc cells were observed using a SEM. All the scaffolds were fixed with 2.5% glutaraldehyde solution, washed with PBS and stored overnight. Dehydration was performed by sequential immersion in ethanol solutions of varying concentration (20, 30, 40, 50, 60, 70 and 100% v/v) for 15 min at each concentration before dehydration by an Automated critical point dryer. Finally, the scaffolds were coated with gold for SEM analysis. For cell proliferation, after the incubation period, the viable cells were stained with MTT at the concentration of 0.5 mg/ml in medium and incubated further for 2 h. Then, MTT was removed and 200 µl of DMSO was added in each well. Finally, 100 µl of dye solution was transferred into a 96 well plate and the absorbance was measured using Microplate reader at 570 nm (Anthos2010).
[bookmark: _Hlk93423498]2.6 Membrane integrity
The integrity of 3D, 3D/E and 3D/E/PPy scaffolds (PLCL and PLGA) were assessed through the leakage of lactate dehydrogenase (LDH) after 1, 3 and 7 days of culture using LDH activity assay kit (MAK066, Sigma-Aldrich). SCs (ca 1x106 cells) were suspended in DMEM-10% FBS completed medium and plated into 96-well plates with each scaffold (37 C with 5% CO2). After each time point, the samples were washed with cold LDH assay buffer and centrifuged (10,000 × g, 15 min, 4 C). A 25 μL sample of the supernatant was then transferred to a sterile 96 well-plate and adjusted to a final volume of 50 μl with LDH assay buffer. A 50 μL master reaction mixture was added into each well and thoroughly mixed. LDH analyses were performed at 450 nm wavelengths using a microplate spectrophotometer (Synergy H1, BioTek). 

2.7 Cell death analysis
Cell death of SCs on 3D, 3D/E and 3D/E/PPy scaffolds (PLCL and PLGA) was measured using Annexin V-APC apoptosis assay kit (ab236215, Abcam). SCs were suspended in DMEM-10% FBS completed medium and plated into 96-well plates with each scaffold. The cells were cultured and incubated at 37.0 ± 1.0 °C, 5 ± 0.1% CO2, and 95 ± 5% relative humidity for 7 days. After cultivation, SCs (ca 1-5x106 cells) were harvested by trypsinization, counted and plated into each well. SCs were centrifuged (400 × g, 5 min) and were washed with 1 x binding buffer before centrifuged (1,500 × g, 5 min). The cells were resuspended in Annexin V-APC/DAPI staining solution and incubated in the dark at room temperature for 10 min. Subsequently, cells were centrifuged (400 × g, 5 min) and discarded the supernatant and then added PBS (200 μL). Finally, all samples were analyzed using a microplate spectrophotometer (Synergy H1, BioTek) at 633 nm excitation and 700 nm emission for APC and 350 nm excitation and 450 nm emission for DAPI.
[bookmark: _Hlk93422450]2.8 Caspase 3 activity
[bookmark: _Hlk93416005]Caspase 3 enzyme activity was measured using caspase 3 activity colorimetric assay kit (E-CK-A311, Elabscience). SCs were suspended in DMEM-10% FBS completed medium and plated into 96-well plates with each scaffold. The cells were cultured and incubated at 37.0 ± 1.0 °C, 5 ± 0.1% CO2, and 95 ± 5% relative humidity for 7 days. After cultivation, the cells were harvested by trypsinization, and counted. After resuspension with PBS, the cells were counted and centrifuged at 2,000 rpm for 5 min and then discarded the supernatant. An amount of 50 μL of cold lysis buffer working solution was added to each 2 × 106 cell/ml and incubated in ice bath for with oscillate 3 to 4 times during incubation. The cells were transferred to eppendorf tube and centrifuged (12,000 × g, 15 min, 4 °C). Then, 2 x Reaction working solution (50 μL) and Ac-DEVD-pNA (5 μL) were added to the supernatant (45 μL) and incubated at 37 °C until the color changes obviously. The activity of caspase in each sample solution 3 was analyzed at 405 nm wavelengths using a microplate spectrophotometer (Synergy H1, BioTek).
2.9 Statistical analysis
All data was statistically evaluated using the two-way ANOVA analysis and Bonferroni post-test (significance level: <0.05).
3. RESULTS AND DISCUSSION
[bookmark: _Hlk80918687]A combination of 3D printing and electrospinning was used to design and fabricate 3D printed electrospun PLCL and PLGA scaffolds (3D/E scaffolds). The electrically conductive properties of these scaffolds were also promoted by dispersion of PPy particles onto the scaffolds, which were then termed 3D/E/PPy scaffolds and used as an NGC wall for the first time. The scaffolds were characterized and optimized for their surface morphology, surface properties, surface stability and biocompatibility.
[bookmark: _Hlk42343963][bookmark: _Hlk41001052][bookmark: _Hlk80968958]3.1 PLCL-3D and PLGA-3D scaffolds: Optimal conditions
[bookmark: _Hlk88245299][bookmark: _Hlk88324101]To establish 3D printed scaffolds of PLCL and PLGA (called PLCL-3D and PLGA-3D), the important process parameters of 3D printing (polymer concentrations, extrusion pressure, printing speed and temperature of platform) were studied. The effect of polymer concentration was screened first as one of the most important parameters that effects the morphological features of the scaffolds.51-54 Different concentrations of PLCL and PLGA were used and their optical images are shown in Figure 2a. The extrusion pressure was varied from 1.0 - 7.0 bar and printing speed from 5.0 - 50.0 mm/s, and platform temperature was kept constant at 25 °C. The resulting filaments produced with low concentrations of PLCL (<22.0% w/v) and PLGA (<30.1% w/v) were significantly deformed, following deposition, due to the slower evaporation of solvent (Figure 2a (left)). In contrast, high concentrations of PLCL (>22.0% w/v) and PLGA (>30.1% w/v) led to the formation of beads (Figure 2a (right)). This is attributed to highly viscous solutions causing the needle tip to clog.55 At concentrations of 22.0% w/v PLCL and 30.1% w/v PLGA, the filaments were continuously printed from the tip and created self-supporting filaments upon printing the 3D scaffolds when the extrusion pressure was 3.0 - 4.5 bar and printing speed was 25.0 - 35.0 mm/s (Figure 2a (middle)).
In short, there is a correlation between the extrusion pressure and printing speed on the structure of the printed scaffolds, therefore, they were adjusted during the process to make it possible to print PLCL and PLGA. As aforementioned, appropriate concentrations of PLCL and PLGA were found to be 22.0% w/v and 30.1% w/v, respectively, at a platform temperature of 25 °C. Figure 2b shows the deformation of large filaments at high extrusion pressures (<4.5 bar) and slow printing speeds (<25.0 mm/s). This causes the filaments to be merged on the platform and pushes polymer solution in a lateral direction. On the other hand, the formation of large cracks occurred at the surface due to low extrusion pressures (<3.0 bar) and high printing speeds (>35.0 mm/s). This is attributed to shear on the existing solution at the needle was created by the friction force between the substrate and the polymer solution, resulting in cracking on the surface.53,54 
The effect of the platform temperature was also screened when the appropriate concentrations, extrusion pressures and printing speeds as established above. The filaments are able to maintain their structure at 25C but cannot be ejected and formed when the platform temperature was lower than 25C, which resulting in a clogged needle. In addition, high platform temperature causes the formation of merged filaments due to the extra molecular chain mobility (see Figure 2c).55
The PLCL-3D and PLGA-3D scaffolds printed from the optimal process parameters show a smooth surface with no beads or cracks (see Figure 2d). The average thickness of PLCL-3D and PLGA-3D scaffolds were 0.148 ± 0.005 and 0.213 ± 0.004 mm, respectively, while the average pore sizes were 165 ± 5 and 215 ± 4 μm. The results showed that the thickness of our PLCL-3D and PLGA-3D scaffolds are in the ranges of an ideal thickness for NGCs (ca. 100 - 300 μm) that allows for nutrients to diffuse through the guide wall thickness.15 However, it was found that these pore sizes were higher than 5 - 30 μm (with optimal values of 10 - 20 μm), which could not meet the accepted ideal value for the feature requirement.15
[bookmark: _Hlk40112230][image: A picture containing text, scoreboard
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[bookmark: _Hlk88081888]Figure 2. Surface morphology of PLCL-3D and PLGA-3D scaffolds with different process parameters: (a) different concentrations of PLCL and PLGA at the printing extrusion pressure of 1.0 - 7.0 bar, printing speed of 5.0 - 50.0 mm/s at 25 °C, (b) different extrusion pressures and printing speeds at 22.0% w/v PLCL and 30.1% w/v PLGA, (c) different platform temperatures at 22.0% w/v PLCL (extrusion pressure of 3.0 - 4.5 bar, printing speed of 25.0 - 35.0 mm/s) and 30.1% w/v PLGA (extrusion pressure of 3.0 - 4.5 bar, printing speed of 25.0 - 35.0 mm/s), and (d) Photographs and OM images of optimized scaffolds (top view: scale bar = 1 mm).
[bookmark: _Hlk39270050][bookmark: _Hlk41407867]3.2 PLCL-3D/E and PLGA-3D/E scaffolds 
After fabrication of both PLCL-3D and PLGA-3D scaffolds, they were spun-covered (one-side) with PLCL and PLGA electrospun fibers on their surfaces, respectively, these new materials were termed PLCL-3D/E and PLGA-3D/E (see Figure 3). The PLCL-3D/E and PLGA-3D/E scaffolds were visibly white and opaque with thicknesses of 0.239 ± 0.002 and 0.282 ± 0.005 mm, respectively (Figure 3a). The SEM cross-sectioned image clearly shows the combined scaffolds structure with the electrospun fibers embedded onto the 3D printed construct (Figure 3b (middle)). The PLCL and PLGA electrospun phase revealed randomly dispersed nanoscale fibers with interconnected pores with mean diameters of 289 ± 79 and 287 ± 95 nm, respectively (Figure 3b (left)). Also, micropores of 3D printed phase in the scaffolds were interconnected throughout the entire structure with mean diameters of 165 ± 5 and 215 ± 4 μm, respectively (Figure 3b (right)). The results revealed that the pore size and guide wall thickness of our PLCL-3D/E and PLGA-3D/E employ them to be used as NGCs (under the requirements of pore size 5 - 30 μm and thickness and 100-300 μm),15 even though the pore size of 3D printed component was higher than the limitation of NGC requirements. This restriction can be overcome by using the combination of 3D printing and electrospinning that can improve the scaffold architecture. In addition, the layered structure of electrospun fibers could be achieved to satisfy the NGC requirements of having pores with nano/micrometer resolution for enhancing cell-substrate interactions.15

[image: ]
Figure 3. Surface morphology of PLCL-3D/E and PLGA-3D/E scaffolds: (a) optical photograph (top view), and (b) cross sectioned (middle) showing electrospun phase (left, top view from SEM with magnification of 15K) and 3D printed phase (right, top view OM).
[bookmark: _Hlk45319783]3.3 PLCL-3D/E/PPy and PLGA-3D/E/PPy scaffolds
The electrospun phase of PLCL-3D/E and PLGA-3D/E scaffolds were dispersed with PPy particles (via an in-situ polymerization containing pyrrole, H2SO4 and APS) to enhance the surface conductivity of the scaffolds in an attempt to improve the biocompatibility of absorbable nerve guides. The different concentrations of pyrrole (monomer) and reactions times were studied. When low concentrations of pyrrole and short reaction times are applied, no PPy is deposited. In contrast, the PPy particles were aggregated in solution and coarsely deposited on the PPy covering on the fibers when high concentration of PPy and long reaction times were used (further discussion in Section 3.4.3). 
[bookmark: _Hlk41778837]However, it was observed that the suitable concentration of pyrrole for both PLCL-3D/E and PLGA-3D/E is 7.4 mM with  reaction times of 20 min (for PLCL-3D/E) and 30 min (for PLGA-3D/E), as shown in Figure 4a. The surface conductivity of PLCL-3D/E/PPy and PLGA-3D/E/PPy scaffolds were 12.40 ± 0.12 and 10.50 ± 0.08 Scm-1, respectively. For the morphology of each 3D/E/PPy scaffold (Figure 4b), the deposition of PPy on the surface of scaffolds was successful, as scaffolds visibly turned from white to black (Figure 4b (top view photograph)) and provided a smooth surface with no PPy aggregation (Figure 4c (top view SEM)). The cross section of 3D/E/PPy scaffolds shows a sheath-core structure, confirming that PPy was coated on the surface (Figure 4d (cross sectioned SEM)). The diameter and pore size of the electrospun phase of PLCL-3D/E/PPy were 184 ± 23 nm and 182 ± 87 μm, respectively, while that of PLGA-3D/E/PPy were 192 ± 19 nm and 272 ± 21 μm, respectively (Figure 4d). [CHECK UNITS IN TABLE AND FIGS!!]
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Figure 4. PLCL-3D/E/PPy and PLGA-3D/E/PPy scaffolds: (a) Reaction parameters and properties of optimized scaffolds, (b-d) photographs (topview) and SEM images (topview and cross sectioned images, with magnification of 15K), and (f) distribution of fiber diameters and pore sizes.


3.4 Surface characterization
3.4.1 Surface Chemical functionality by Raman Spectroscopy 
The surface functional groups of 3D, 3D/E and 3D/E/PPy scaffolds (both PLCL and PLGA) were characterized by Raman spectroscopy (Figure 5). 3D and 3D/E scaffolds of both PLCL (Figure 5a) and PLGA (Figure 5b) show vibrational peaks of C–H (3000 – 2883 cm-1) and C=O stretching (1776 - 1764 cm-1), the bending vibrations of C–H (1455 - 1452 cm-1 C–O–C bending (1244 – 1000 cm-1) and C–COO stretching (997 - 805 cm-1), as well as the characteristic peaks of C–CH3 stretching from the lactic units at 1045 - 1040 cm-1. These spectra are in accordance to those reported for PLCL and PLGA.56,57 The substantial changes in the Raman spectrum were observed when scaffolds were deposited by PPy. The PLCL-3D/E/PPy and PLGA-3D/E/PPy scaffolds show the broad peaks of N–H stretching (3500 - 2400 cm-1), C=C stretching (1581 and 1569 cm-1), C–N stretching (1343 and 1332 cm-1), C–H ring stretching (1247 and 1233 cm-1) and C–H in-plan deformation (1040 - 902 and 1144 - 1019 cm-1), which correspond to the characteristic peaks of PPy.58-60 
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Figure 5. Raman spectra of 3D, 3D/E, 3D/E/PPy scaffolds; (a) PLCL and (b) PLGA
3.4.2 Surface chemical composition by XPS
To confirm the qualitative surface composition, the scaffolds were analyzed by X-ray photoelectron spectroscopy (XPS) with and without deposition of PPy (Figure 6). The PLCL-3D/E and PLGA-3D/E scaffolds showed only carbon (C1s) and oxygen (O1s) peaks, whereas PLCL-3D/E/PPy and PLGA-3D/E/PPy scaffolds presented carbon (C1s) and oxygen (O1s) peaks in addition to nitrogen (N1s) peaks (400 eV) from PPy deposited on the scaffolds. 
[bookmark: _Hlk80976427][bookmark: _Hlk71754612]For further investigation, high-resolution XPS analysis of the scaffolds is shown in Figure 7. The results reveal substantial changes in the C1s, N1s and O1s spectra after the deposition of PPy. The high-resolution C1s spectra of 3D/E (noncoated) scaffolds can be deconvoluted into 5 peaks that are attributed to carbons in aliphatic C–C and C–H, C–OH or C–O–C, C=O, O=CO–R and O=C–OH contribution, respectively.39,40 The substantial changes in the C1s spectrum were observed when scaffolds were coated with PPy, in which the new electron binding energies are related to the formation of new aromatic α-carbon and aromatic β-carbon, C=N or C–N+, C=N+ groups and – (shake-up) in the created PPy particles (Figure 7a).49,61 Similarly, high-resolution N1s spectra of both 3D/E/PPy scaffolds, were obtained to reveal new signals of nitrogenated and carbon functional groups in each surface, which consisted of imine groups (C=N), pyrroles (–NH–), polarons (C–NH+) and bipolarons (C=N+), (Figure 7b). The results suggest that the main component was nitrogen atoms which were found after demonstrating surface deposition of PPy on PLCL and PLGA scaffolds. While the overall survey and high-resolution spectra of noncoated scaffolds show that the N1s peak was absent. 
For the high-resolution O1s spectra (Figure 7c), the observed O1s binding energies were attributed to ester (C=O), oxygen (O–O), ester carbonyl (RCOO) and oxygen adjacent to an ester carbonyl group (–COO). The peak intensity of O1s is significantly reduced when scaffolds were coated with PPy because the N-containing groups interact with some of the oxygen-containing functional groups.62,63 In summary, the Raman spectra and XPS results confirm that PPy was successfully deposited onto the surfaces of PLCL and PLGA fibers. 
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Figure 6. XPS survey spectra of scaffolds: (a) PLCL-3D/E, (b) PLGA-3D/E, (c) PLCL-3D/E/PPy, and (d) PLGA-3D/E/PPy.
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Figure 7. High-resolution spectra of PLCL-3D/E, PLCL-3D/E/PPy, PLGA-3D/E, and PLGA-3D/E/PPy scaffolds: (a) C1s, (b) N1s, and (c) O1s. 
[bookmark: _Hlk41694053]3.4.3 Surface conductivity of PPy on scaffolds (electrospun fiber phase)
The electrical conductivity of PLCL-3D/E/PPy and PLGA-3D/E/PPy scaffolds with varied pyrrole concentration and reaction time were measured using a digital multimeter (Figure 8). The surface conductivity of PPy on both scaffolds depended on the concentration of pyrrole monomer and reaction time. For PLCL-3D/E/PPy, the conductivity gradually increased with increasing reaction time extended to 120 min of all concentrations (3.7 mM 7.4 mM, 15 mM and 22 mM) of pyrrole. When the reaction time was increased from 180 to 360 min, the conductivity became unstable, which is attributed to the aggregation of PPy particles on the fibers which produces less π-conjugation length in the chain. Meanwhile, if the anion doping concentration is high, the interactions between the polymer chains and the dopants weaken due to repulsion between adjacent free sulfonate anions, leading to a reduction in electrical conductivity.66-68 Moreover, the aggregation of PPy particles may hinder the infiltration and migration of cells within the scaffold, resulting in poor regeneration.
The selected reaction time and concentration of pyrrole for PLCL-3D/EPPy was 20 min and 7.4 mM, respectively, which produced a surface conductivity of 12.40 ± 0.12 Scm-1. For PLGA-3D/E/PPy, a similar trend was observed, although a slightly longer reaction time was required (30 min) with the same concentration of 7.4 mM, producing a scaffold with a surface conductivity of 10.50 ± 0.08 Scm-1. Interestingly, PPy seems to deposit better on PLCL scaffolds than PLGA scaffolds. This is attributed to the difference in crystallinity, as PPy disperses better in the semi-crystalline phase, in this case, PLCL. It is observed that PLGA had glycolide segments which consists of ester bonds (–COO–). The polarons (C–NH+) and bipolarons (C=N+) in the reaction that affects the net charge of PLGA. In a highly acidic environment of the sulfonate anions, PLGA tends to be negatively charged, and repulse between adjacent free sulfonate anions and polymer backbone.4,64-68
These conductive ranges are much higher than that reported by Lee et al. and Zeng et al. for in vitro cytocompatibility studies on PLGA and PLLA scaffolds for neural tissue applications. They reported that the electroconductive properties of 0.1 - 1.0 mS/sq were superior for cell affinity.48,49 A typical electrical signal of nerve cells is reported to be in the range of 1.1 - 125.0 mS (40 - 90 mV).48,69 These results suggest that the current is conducted primarily along the fiber axis. The conductive properties of those scaffolds is a promising material with excellent electrical conductivity, which can enhance a favorable environment for supporting repair cells.
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Figure 8. Surface conductivity of: (a) PLCL-3D/E/PPy scaffolds and (b) PLGA-3D/E/PPy scaffold, with different concentrations of pyrrole monomer (3.7, 7.4, 15 and 22 mM) and reaction time (10, 20, 30, 60, 120, 180, 240, 300 and 360 min).

[bookmark: _Hlk41694076][bookmark: _Hlk41694084]3.4.4 Surface wettability by CA 
The water contact angles of PLCL-3D, PLCL-3D/E, PLCL-3D/E/PPy, PLGA-3D, PLGA-3D/E, and PLGA-3D/E/PPy were measured to evaluate their surface wettability (Figure 9). The water contact angle of PLCL-3D and PLCL-3D/E scaffolds were 92.3 ± 5.8° and 124.2 ± 1.0°, respectively, meanwhile that of PLGA-3D and PLGA-3D/E scaffolds were 82.74 ± 1.80° and 111.1 ± 1.1°, respectively. These values show that the 3D/E scaffolds are more hydrophobic than the 3D scaffolds. This is possibly due to the combination of electrospun fibers phase to the scaffolds that enhance the surface area and porous structures that trap air inside in the electrospun fibers phase, resulting of the decrease in surface wettability.11 Moreover, the addition of PPy on PLCL-3D/E and PLGA-3D/E surface significantly decreases the contact angle resulting in hydrophilic scaffolds. These results indicate that PPy could be presented throughout the scaffolds and improve the hydrophilicity properties, which may provide an opportunity to have better effect on cell attachment and growth. Indeed, good hydrophilicity of scaffold will be beneficial to cell attachment and proliferation. Thus, we could predict that the biological performance of PPy covering on scaffolds will be better than that of noncoated (3D and 3D/E) scaffolds.

[image: ]
Figure 9. Water contact angle of PLCL-3D, PLCL-3D/E, PLCL-3D/E/PPy, PLGA-3D, PLGA-3D/E, PLGA-3D/E/PPy scaffolds.
3.4.5 In vitro hydrolytic degradation and surface resistivity stability 
[bookmark: _Hlk41579968][bookmark: _Hlk41578351]To distinguish the long-term morphological and electrical stability on the 3D, 3D/E, 3D/E/PPy scaffolds, we further studied the scaffolds in terms of in vitro hydrolytic degradation (Figure 10a). From the first 3 weeks of incubation, we observed that the initial weight loss of all PLCL scaffolds is approximately 2%, while with PLGA is approximately 10%. Up to 12 weeks, PLCL scaffolds show slower degradation (90% weight retention) than the PLGA scaffolds (50% weight retention). At 36 weeks, the % weight retention of PLCL almost reaches to that of PLGA, which is approximately 30%. For the electrical stability test (Figure 10b), the conductivity of PLCL and PLGA scaffolds dramatically decreased, which dropped to 50% and 70 % in week 4, respectively and became to have no conductivity at weeks 21 and 11, respectively. The conductivity of PLGA-3D/E/PPy scaffold decreased significantly compared to PLCL-3D/E/PPy scaffold, since the effect of dopant and degradation rate of both scaffolds that were influenced to lose their conductivity.66,67
The results suggest that each scaffold could be degraded while maintaining the biomechanical properties, as well as the electrical stability during the nerve-regeneration process of 2-3 months after peripheral nerve injury.15 For the achievement of the most suitable treatment, therefore, the degradation rate of each scaffold should be considered. Since, when a nerve injury is successfully recovered, if the NGC remains in the body, it could lead to trauma, inflammatory response and scarring that affects the quality of the healing process.70 Based on previous studies,10,71,72 PLGA demonstrates higher degradation rates than PLCL due to the amorphous nature of PLGA. Moreover, PLGA has glycolide segments, where water can attract at ester bond of glycolide easier than lactide and caprolactone. It is presumed that PLGA-based scaffold will be suitable for short-gap nerve injury, while PLCL-based scaffold will be suitable for long-gap nerve injury due to its relatively slow degradation rate. 
[bookmark: _Hlk41503612][image: Chart, line chart, histogram
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[bookmark: _Hlk45462016][bookmark: _Hlk41615814][bookmark: _Hlk41612668]Figure 10. (a) In vitro hydrolytic degradation of 3D, 3D/E, 3D/E/PPy of PLCL and PLGA scaffolds and (b) the electrical stability of PLCL-3D/E/PPy and PLGA- 3D/E/PPy scaffolds. 


3.4.6 Mechanical properties by tensile testing
Sufficient mechanical strength of scaffolds play an important role in maintaining structural stability and supporting the direct axonal sprouting during the nerve regeneration process. In addition, the scaffolds should be flexible and soft so as to protect the cells from compressive or tensile forces for preventing inflammatory response at the implantation site.4,16 Therefore, the mechanical properties in terms of tensile stress-strain and Young’s modulus were investigated (Figure 11). PLCL scaffolds (Figure 11a) exhibited inferior strength to that of PLGA scaffolds (Figure 11b) due to PLCL behaves as an elastomeric material, whereas PLGA behaves as a glassy material.4,64 3D scaffolds show higher tensile strength and lower elongated deformation than 3D/E scaffolds, which led to a stronger and stiffer scaffold, however, the 3D/E scaffolds are much stronger than E only scaffolds. The Young’s modulus of PLCL scaffolds decrease from 136 ± 16 MPa (3D) to 87 ± 29 (3D/E) to 72 ± 18 MPa (E), while PLGA scaffolds decrease from 397 ± 16 MPa to 369 ± 7 (3D/E) to 105 ± 1 MPa (E) (Figure 11c). The deposition of PPy on scaffolds causes to the decrease in tensile stress–strain curves and Young’s modulus values of the scaffold when compared to 3D/E scaffolds, owing to the brittleness of PPy.73 In summary, the presence of the 3D printed phase enhances the mechanical properties of the PLCL and PLGA scaffolds when compared to only electrospun scaffolds, which provide sufficient mechanical strength for supporting nerve regeneration.13-15
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Figure 11. Mechanical properties of 3D, E, 3D/E, 3D/E/PPy scaffolds; (a) tensile stress-strain curves of PLCL, (b) tensile stress-strain curves of PLGA and (c) Young's modulus of PLCL and PLGA 
3.5 Biocompatibility Evaluation
3.5.1 Cell cytotoxicity 
The evaluation of viable cells was obtained through analysis of membrane cytotoxicity by indirect contact, according to ISO 10993 - 5. For the main criteria, a sample is considered noncytotoxic if the cell viability value is reduced to < 70% of the control. The toxicity of the prepared scaffolds was preliminarily performed using mouse fibroblast cells (L929), which is the most commonly used cell for the evaluation of viable cells. In addition, for the purposes of nerve repair, human Schwann cells (SCs) were chosen to ensure the ability of the scaffolds to enhance nerve regeneration. SCs play a crucial role in the regeneration process, as the major glial cell type in the peripheral nervous system. They play an essential role in the development, maintenance, function, and regeneration of peripheral nerves.74-77 The results indicated that the viabilities of all 3D, 3D/E and 3D/E/PPy of PLCL and PLGA were identified as nontoxic to L929 cells (cells had over 70% viability), confirming that each scaffold is not cytotoxic to the fibroblast cells in this work (Figure 12). Similar results were observed in SC cells the viability on all scaffolds, found to be higher than 70%. These results suggest that all PLCL and PLGA scaffolds with and without electrospun fibers and incorporating PPy are non-toxic to cells, which could be biocompatible for nerve repair.
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[bookmark: _Hlk93499311]Figure 12. Indirect in vitro cytotoxicity of L929 and SC cells on 3D, 3D/E and 3D/E/PPy scaffolds (PLCL and PLGA) after 24 h of the MTT assay.
[bookmark: _Hlk41694168]3.5.2 Cell proliferation and attachment
The cell proliferation of L929 and SC cells on different scaffolds at day 1, 3, 5 and 7 were evaluated by MTT assay (Figure 13a,b). The results indicate that the cell proliferation of both cell types were gradually increased with incubation times, especially in both PLCL and PLGA scaffolds that contained electrospun fibers and PPy at day 7. The cell attachment and morphology were also observed at day 1 and 7 (Figure 13c,d).
[bookmark: _Hlk93510092]At day 1, the L929 and SC cells were successfully attached on 3D/E and 3D/E/PPy scaffolds of both PLCL and PLGA compared to those without the fibers. Indeed, cell attachments were clearly shown in the cells on 3D/E/PPy of PLCL and PLGA scaffolds were significantly higher than those in 3D and 3D/E scaffolds. This is due to the slight conductivity enhancement of PPy particles on the surface of scaffolds that can provide a guidance cue for cell regeneration, which is self-delocalized and maintains the electrical stimulation during the regeneration process.1,66 In addition, the PLCL and PLGA with a combination of the 3D printed construct and electrospun fibers led to an effective support for cell attachment and proliferation. These results are similar to the work reported by Lee et al.49
Comparing the cells with two different types of copolymers (PLCL and PLGA), the spread of cells on all PLGA scaffolds appeared flat and well spread than PLCL scaffolds. It was apparent that hydrophilicity of PLGA (higher than PLCL) produces an improved cellular response and better viable cells on the surface of PLGA scaffolds than that of PLCL scaffolds. 
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[bookmark: _Hlk48782333][bookmark: _Hlk93352855]Figure 13. Direct in vitro cytotoxicity of 3D, 3D/E and 3D/E/PPy scaffolds (PLCL and PLGA) of the MTT assay: (a,b) cell proliferation of L929 and SC cells (c,d) cell attachment of L929 SC cells (*P < 0.05 compared with the 3D).
3.5.3 Membrane integrity
Generally, cell membranes show the release of LDH into the extracellular environment due to the damaged of cells. The LDH in the medium represents an indication of plasma membrane damage in a cell population, which assess to support the results of the viability assays.37-40 In this present work, the cell membrane integrity was performed with SCs, and the concentration of LDH release was assessed on day 1, 3, 5 and 7 (Figure 14a). 
[bookmark: _Hlk95597337]The results shown that the concentration of LDH released from cells cultivated on 3D, 3D/E and 3D/E/PPy scaffolds (both PLCL and PLGA) significantly increased from day 1 to day 7. In addition, SCs on PLGA scaffolds show a lower LDH release than PLCL scaffolds with incubation time, involving the hydrophilicity of those copolymers (higher than PLCL). Comparing between 3D and 3D/E scaffolds, it can be seen that LDH release from SCs on 3D/E scaffolds was slightly higher than 3D scaffolds. This is possibly because the electrospun fibers phase provided the appropriate pore size and surface area that enhanced the cell entrapment and attachment, resulting to have more LDH release that is not favored for medical purposes. However, a concentration of LDH released from cells cultivated on 3D/E/PPy scaffolds (both PLCL and PLGA) showed lower LDH release than that in 3D/E scaffolds, confirming more healthy cells. This result suggests that surface modification of 3D/E scaffolds by PPy is crucial to improve the healthy cells, as PPy is a promising material, with excellent cytocompatibility and electrical conductivity, which is a favorable environment for supporting repair cells.4,78,79
3.5.4 Apoptotic indices
[bookmark: _Hlk93512901]To confirm the viability of cells attached on 3D, 3D/E and 3D/E/PPy scaffolds (PLCL and PLGA) at day 7, the apoptotic indices (programmed cell death) were tested using Annexin V-APC/DAPI (Figure 14b) and caspase 3 activity to observe the early-, mid- and late-stage of apoptosis (Figure 14c). Annexin V conjugated with APC is a calcium-dependent phospholipid binding protein that binds to phospholipid phosphatidylserine (PS) on the outer membrane of apoptotic cells. DAPI was used as a marker of DNA fragmentation seen in late apoptotic or necrotic cells. Mid stage of apoptosis was measured by caspase-3 activity, which is a crucial role in coordinating the destruction of cellular structures, such as DNA fragmentation or degradation of cytoskeletal proteins.79,80
From Figure 14b (the early and late stage apoptosis of SCs on different scaffolds), the results revealed that cells on PLGA scaffolds showed slightly lower in relative populations of early and late stage apoptosis than PLCL scaffolds. Scaffolds deposited by PPy (3D/E/PPy) promoted healthy cells and decreased both early and late stage apoptosis of SCs, when compared to 3D and 3D/E scaffolds. For example, the % relative population of early and late stage apoptosis of PLGA-3D/E/PPy are 1.60 ± 0.23% and 6.40 ± 0.29%, respectively, while that of PLCL-3D/E are 2.00 ± 0.55% and 5.84 ± 1.34%, respectively. From Figure 14c, PLGA scaffolds showed lower value of caspase 3 activity than PLCL scaffolds. It was identified that the caspase 3 activity of PPy covering on 3D/E scaffolds significantly decreased in both PLCL (1.02 ± 0.02) and PLGA (1.01 ± 0.01), when compared with 3D and 3D/E scaffolds.
In summary, the results from cell attachment, proliferation, LDH released and apoptotic indices suggest that the deposition of PPy on 3D/E scaffolds enhanced the ability of SCs to attach, proliferate and promoted healthy cells by decrease the LDH release and apoptosis cells. Scaffolds designed and fabricated by PLGA performed better in supporting cell regeneration than that by PLCL, however, both are non-toxic to cells. These executed analyses allow us to conclude that the 3D/E/PPy scaffolds could be biocompatible and suitable for nerve repair.
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Figure 14. Percentages of relative populations of SCs: (a) Membrane leakage, (b) apoptotic indices by Annexin V-APC/DAPI and (c) apoptotic indices by caspase 3 activity (*P < 0.05 compared with healthy cell).
4. CONCLUSIONS
This work demonstrates a new approach for absorbable nerve guides, by controlling architectural design and surface modification. We were able to successfully produce a series of 3D printed/electrospun scaffolds termed 3D/E of PLCL and PLGA scaffolds. The combination of techniques used to prepare these scaffolds provide a sufficient mechanical strength and preferable pore size while having nano/micrometer resolution for enhancing cell attachment and proliferation. Moreover, the presented 3D/E/PPy scaffolds in both PLCL and PLGA resulted in further improvement in enhanced cytocompatibility and healthy cells to SCs. However, only the 3D/E/PPy PLGA scaffolds were significantly superior to other scaffolds because the wettability of polymer affected the cellular responses on the surface of the scaffold. To support long-term storage, both 3D/E/PPy scaffolds could maintain the biodegradability and electrical stability during the regeneration process for 2 or 3 months after peripheral nerve injury. We also considered the biodegradability of PLGA-based scaffolds, which were favored for short-gap nerve injury, while PLCL-based scaffolds were more suited to long- gap nerve injury. Accordingly, with optimal design architecture and surface modification of the scaffolds, these materials could deliver a favorable option for enhancing the biocompatibility of cells for future use in nerve guides applications.
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