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ABSTRACT   

In this study, two-component, morphologically composite scaffolds consisting of a 3D-

printed component and an electrospun fiber component were fabricated and treated with a 

nitrogen-argon (N2-Ar) plasma to enhance their surface properties. The 3D-printed component 

provided mechanical strength, while the electrospun fibrous component acted as a mimic to the 

extracellular matrix to improve cell-substrate interactions. Two biodegradable polyesters, 

poly(L-lactide-co-ε-caprolactone) (PLCL) and poly(L-lactide-co-glycolide) (PLGA), were 

used to create the scaffolds. The resulting 3D/E/N2-Ar scaffolds were characterized in terms of 

surface properties (morphology, chemical compositions, wettability, roughness, crystallinity), 

degradation, mechanical properties, and cell cytotoxicity, cell attachment and proliferation, 

LDH release and cell apoptosis. Results showed that the plasma treatment significantly 

increased the surface roughness, wettability, and hydrophilicity of the scaffolds. The 3D-

printed component provided sufficient mechanical support, while the electrospun fiber 

component promoted cell attachment and proliferation. The water contact angle of the scaffolds 

was greatly reduced from 124.0 ± 1.8° (PLCL) and 119.6 ± 1.4° (PLGA), to 0° and persisted 

even after 168 days. Human Schwann cells (SCs) showed excellent viability on both 3D/E/N2-

Ar and 3D/E scaffolds were in excess of 95%. Cells cultivated on the 3D/E/N2-Ar scaffolds, 

with higher surface roughness, displayed significant increase in attachment and proliferation 

and a higher presence of healthy cells when compared with untreated 3D/E scaffolds. Both 

PLCL and PLGA scaffolds showed potential for use in biomedical applications. Although 

PLGA performed slightly better in terms of cell behavior, PLCL exhibits a slower degradation 

rate and higher percentage of mechanical strain. These results demonstrate the potential of 

these designed scaffolds to support cell regeneration in clinically relevant devices such as nerve 

guide conduits and nerve protectant wraps. 

 GRAPHICAL ABSTRACT  
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1. INTRODUCTION  

Three-dimensional porous polymeric scaffolds have been extensively used in many 

biomedical applications such as surgical sutures, wound dressings, drug delivery carriers, bone 

fixation, and nerve guide conduits. Implantable scaffolds provide a suitable microenvironment 

for creating tissue or supporting cell regeneration to improve the function of damaged tissue 

and organs [1–5]. An ideal scaffold for tissue regeneration should have properties such as 

biodegradability, good biocompatibility, mimetic architecture for cell attachment, appropriate 

pore size for cell ingrowth and adequate diffusion of nutrients and oxygen to cells within the 

scaffold. At the same time, the scaffold must be of sufficient mechanical strength to maintain 

a stable architecture and prevent collapse during the regeneration process. Ongoing 

investigation into the discovery of optimal scaffolds persists, aiming to enhance the design of 

novel scaffolds via diverse materials and fabrication techniques. [6–10]. 

In term of materials used for polymeric scaffolds, aliphatic polyesters as resorbable 

materials have widespread use because of their biodegradability and biocompatibility [11–14]. 

These include poly(lactic acid) (PLA), poly(glycolic acid) (PGA), polycaprolactone (PCL), 

poly(L-lactide-co-ε-caprolactone) (PLCL) and poly(L-lactide-co-glycolide) (PLGA), as 

known synthetic biodegradable polymers that have acceptable biocompatibility, appropriate 

mechanical properties and tunable biodegradability with regulatory approval [2,15–16]. These 

materials are absorbed through hydrolysis degradation mechanisms in the body, demonstrating 

their negligible impact on usage [2,3]. Notwithstanding their numerous advantageous 
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properties, one of the primary drawbacks of these polymers lies in their hydrophobic nature, 

which stems from the presence of less polar functional groups in their molecular chains. This 

inherent characteristic impairs their compatibility with cells and consequently hinders cellular 

attachment and proliferation [7,17–19]. Consequently, in order to improve cell-substrate 

interactions and establish a better match with native tissue properties, researchers have focused 

on surface modifications of these polymers [13]. 

Numerous different surface modification methods have been applied to change surface 

properties (e.g. wettability, roughness and functional groups) of materials, including physical 

(e.g. plasma treatment, ultraviolet and laser treatment) and chemical (e.g. crosslinking, wet 

chemical and ‘‘click’’ chemistry) methods [20–23]. Among these approaches, plasma surface 

modification is a useful technique capable of modifying various surface-related properties of a 

material such as wettability, surface roughness, cell-substrate interactions via the introduction 

of new functional groups onto surfaces [24–29]. Gas plasmas are usually used in polymer 

plasma treatment, including nitrogen (N2), oxygen (O2), carbon dioxide (CO2) and ammonia 

(NH3). In these plasmas reactive sites such as nitrogen (-N2), hydroxyl (-OH), carboxyl (-

COOH), amino (-NH2) groups can be generated on the surfaces of polymers [30].  In addition, 

some research has reported that inert gases such as argon (Ar), neon (Ne) and helium (He) can 

be utilized and mixed with other gases to enhance the concentration of active species through 

Penning excitation and ionization processes, leading to an increase in the desired groups or 

chains onto the surface of the material [29–32].  

Various fabrication methods have been developed and implemented to produce 

polymeric scaffolds that meet the ideal criteria for tissue engineering. These methods include 

solvent casting, freeze-drying, electrospinning, micropatterning, and 3D printing [33]. Solvent 

casting is a cost-effective and straightforward technique for scaffold fabrication, but its 

drawbacks include the use of highly toxic solvents, poor interconnected pores with irregular 

shapes [33,34]. Electrospinning, on the other hand, has been widely used to create nano-scale 

fibers with architectures similar to the extracellular matrix (ECM), which enhances cell 

attachment and migration. However, the technique suffers from low reproducibility due to the 

random arrangement of fibers, limited scalability, and mechanical strength [35,36]. Among the 

various methods, 3D printing, such as fused deposition modeling (FDM), has gained 

widespread acceptance in medical device applications. This technique offers high degrees of 

shape freedom, controllable reproducibility, and mechanical strength but is limited in its ability 

to produce nanoscale resolution necessary for promoting cell attachment and proliferation [37].  
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Based on the advantages and disadvantages of the various fabrication techniques 

discussed, we set out to develop two-component composite scaffolds consisting of a 3D-printed 

and an electrospun fiber component (3D/E) in this study. These scaffolds consist of a 3D-

printed supporting layer (3D phase) and an electrospun fiber layer (E phase) that serve as an 

ECM for cells to attach and migrate. The 3D phase provides mechanical strength, preventing 

the scaffold from collapsing during the regeneration process. To further enhance the efficiency 

of cell-substrate interaction, we employed plasma surface modification by N2 and Ar.  

To fabricate the 3D and E phases of our scaffolds, we chose medical-grade PLCL and 

PLGA produced in our Bioplastic Production Laboratory for Medical Applications at Chiang 

Mai University, Thailand (ASTM F1635-11 and ISO 10993-1). The ratios of 70:30 LA:CL for 

PLCL and 80:20 LA:GA for PLGA were utilized due to their favorable biological response in 

the body, appropriate mechanical properties, and tunable biodegradability, which can be 

adjusted by varying the ratios of LA:CL and LA:GA. Previous studies by our team have 

reported on the desirable characteristics of these polymers [2,3]. Although PLGA degrades 

faster than PLCL, which may be a concern in some clinical settings, PLCL is more 

mechanically flexible than PLGA, making both polymers viable options for our study. 

We examined the effect of N2-Ar plasma treatments on the surface properties, 

specifically the surface wettability, of the 3D/E scaffolds using various techniques, such as 

scanning electron microscopy (SEM), atomic force microscopy (AFM), X-ray photoelectron 

spectroscopy (XPS), and water contact angle (WCA). Additionally, we studied the absorption 

properties, in vitro degradation behavior, and cell viability of the scaffolds. We also evaluated 

cell-surface interactions through assays measuring cell proliferation, cell attachment, LDH 

release, and apoptosis. Our investigation aimed to provide insight into the potential of these 

scaffolds for use in tissue regenerative treatments, such as nerve guide conduits and ligament 

repair. 

 

2. EXPERIMENTAL  

2.1 Material  

PLCL (70:30 mol%; Mn = 29,881 g mol-1) and PLGA (80:20 mol%; Mn = 30,306 g 

mol-1) pellets were synthesized by ring-opening bulk polymerization (ROP) and were 

supported by our Bioplastic Production Laboratory for Medical Applications, Chiang Mai 
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University (Thailand). Analytical grade dichloromethane (DCM), N,N-dimethylformamide 

(DMF) and chloroform (CHCl3) were purchased from Labscan (Bangkok, THA). Dulbecco’s 

Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS) and penicillin/streptococcus 

antibiotic were obtained from Thermo Fisher Scientific (Massachusetts, USA). Lactate 

dehydrogenase activity assay kit and annexin V-APC Assay Kit were purchased from Abcam 

(Cambridge, USA). Caspase-3 Activity Assay Kit was acquired from Elabscience (Texas, 

USA).  

2.2 Preparation of 3D, 3D/E scaffolds 

3D printed scaffolds (3D) fabricated by first dissolving PLCL (22.0% w/v) and PLGA 

(30.5% w/v) in chloroform. The resultant solution (~30 ml) was then loaded into the print 

cartridge of 3D-Bioplotter (EnvisionTEC, Gladbeck; Germany). The cartridge was placed in 

the low-temperature printing head and heated to maintain a temperature of 25.0 ± 0.1 °C. 

Bioplotter RP 3.1.1540 software was controlled for programming. A nitrogen pressure of 3.0 - 

4.5 bar was applied onto the cartridge. The printing speed was controlled at 25 - 35 mm/s and 

the distance between the strands was set to 0.3 mm, calculated from the center of the strands. 

The layer thickness was adjusted to 0.32 mm, yielding a slight overlap. During the printing 

process the strand orientation was rotated by 0 and 90° [38–40]. 

An electrospun coating was then prepared on the 3D printed scaffolds (3D printed with 

electrospun fibers porous scaffolds (3D/E)). Spinning solutions of PLCL 10 % w/v and PLGA 

14 % w/v were prepared by dissolving PLCL and PLGA pellets in a mixed-solvent system of 

dichloromethane and N,N-dimethylformamide in a ratio of 7:3 (% v/v) with vigorous stirring 

overnight. Before spin coating (on one-side), 3D printed scaffolds were mounted on aluminum 

foil as a ground collector. The spinning solution was then loaded into a 5 ml glass syringe 

equipped with a stainless-steel blunt-ended needle 20-gauge (outer diameter 0.91 mm) and 

delivered through a capillary. The spinning conditions were carefully controlled.The distance 

between the needle and the collector was 15 cm, the speed of the propulsion was 2 ml/h, the 

applied voltage was 15 kV, at a temperature of 25 °C and 30% relative humidity. Finally, 

electrospun fibers were collected onto the 3D printed scaffolds to achieve the 3D/E composite 

scaffolds. These 3D/E scaffolds were then dried in a vacuum oven at room temperature for 24 

h to remove the residual solvent [41]. 

 

 



7 
 

2.3 Plasma treatment of 3D/E scaffolds  

Plasma treatment of PLCL and PLGA scaffolds was carried out using a lab-built 13.56 

MHz inductively coupled plasma reactor with an N2-Ar gaseous mixture. The ratio of N2 to Ar 

was fixed at 10 % by volume, controlled at 0.03 and 0.10 Torr, respectively. Scaffolds (5 × 5 

cm) were placed into the chamber of the plasma reactor which was then evacuated by a rotary 

pump to a base pressure of 2.2 Pa. The samples were first cleaned by Ar plasma sputtering for 

10 min before treatment. The total pressure of the gas mixture was kept constant at 13.33 Pa. 

Samples were subsequently treated with N2-Ar plasma discharge produced by a radio 

frequency (RF) generator working at powers of 50 and 100 W. Treatment time was varied for 

1, 3, 5, 7 and 10 minutes .[29,41]. 

 

2.4 Surface characterization 

2.4.1 Surface morphology 

The surface morphologies of the treated scaffolds were characterized by scanning 

electron microscopy (SEM, JEOL 5910 LV). Prior to SEM examination, the scaffolds were 

mounted onto SEM stubs using carbon tabs; the stub surfaces were then sputter-coated with 

gold at an acceleration voltage of 15 kV. The average pore sizes were assessed by the average 

width of gaps between fibers, in which 50 fibers were analyzed using image analysis software 

(ImageJ, National Institutes of Health, USA) from a random sampling of 50 fibers per SEM 

image.  

2.4.2 Surface chemical composition  

X-ray photoelectron spectroscopy (XPS) was used to analyze the qualitative elemental 

surface composition of untreated and treated scaffolds. An analysis of XPS spectra was 

acquired using a monochromated Al K𝛼 source (energy of 1486.68 eV). The UV source was 

HeI (energy of 21.2 eV) and HeII (energy of 40.8 eV). A take-off angle of 90° between the 

sample and analyzer was used with a pass energy of 20 eV. High-resolution elemental scans of 

C1s and N1s were performed and curve-fitting was carried out using XPSPEAK software to 

analyze the chemical bonding state.  
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2.4.3 Wettability properties  

After the plasma treatment, the surface wettability of untreated and treated PLCL and 

PLGA scaffolds was evaluated by static water contact angle meter (WCA, Homemade contact 

angle meter). A water droplet with a volume of 10 µL was placed using a microsyringe onto 

the scaffold specimens, which had been cut into 1 × 1 cm2. The contact angles of the droplets 

were observed immediately after the plasma treatment and allowed to rest for 5 s on the 

scaffold. The image of the water droplet was observed using image analyzing software to 

determine the contact angle. The contact angle was measured five times at different locations 

and an average value was calculated (n=5).  

To evaluate the absorptivity, a water droplet with a volume of 10 μL placed on the 

surface of each scaffold, was observed after 0, 1, 3, 5, 7, 14, 21, 28, 56, 84, 112, 140 and 168 

days. The stabilized shape of the water droplet on the surface at each elapsed time point was 

recorded immediately after the water droplet was placed on surfaces. Averages and standard 

deviations of these measurements were also calculated for each sample (n=5).  

2.4.4 Surface roughness   

Atomic force microscopy (AFM) was also used before and after plasma treatments to 

determine the topographical changes on a nanoscale making use of the XE-70 atomic force 

microscope (Park Systems) operating in non-contact mode with a silicon cantilever 

(Nanosensors™ PPP-NCHR). Two-dimensional images of 15 × 15 µm2 were recorded and 

analyzed using XEP software (v1.8.0), which allowed conversion to three-dimensional images. 

After an autofit of the X-Y plane, qualitative fiber roughness is determined by averaging out 

four random measurement values for each condition.  

2.4.5 Crystallinity  

The crystallinity of untreated and treated scaffolds was investigated by X-ray 

diffraction (XRD) (Rigaku MiniFlex 600) with a diffraction angle range (2𝜃) from 5° to 35° 

(Cu Kα, 1.54 Å). 

2.5 In vitro hydrolytic degradation  

Untreated and treated samples (1 × 1 cm2) were fully immersed in a phosphate buffer 

saline (PBS) at pH 7.40 ± 0.01 and incubated at 37.0 ± 0.1 °C for 0, 1, 3, 5, 7, 14, 21, 28, 56, 

84, 112, 140 and 168 days. The degradation solution was replaced with fresh media every week. 
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At predetermined time points, samples were withdrawn, washed with deionized water, and 

vacuum-dried to constant weight. In vitro hydrolytic degradation was determined by % weight 

retention. The weight retention of each sample was calculated by the following equation:  

% 𝑤𝑒𝑖𝑔ℎ𝑡 𝑟𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 =  
𝑤𝑡

𝑤0
× 100% 

where w0 and wt are the initial and final weight of PLCL and PLGA scaffolds, respectively.  

2.6 Mechanical properties  

Tensile tests were performed using a universal testing machine (Lloyd 

Instruments/Ametek LS2.5, AMETEK, Berwyn, USA, fitted with a 10 N load cell) to 

determine  tensile stress-strain curves and Young’s moduli. An elongation rate of 10 mm/min 

together with a 50 mm gauge length was used. The scaffolds were cut into rectangular stripes 

with a width of 10 mm and a length of 70.0 cm. Five replicates of all samples were tested and 

the average values reported.  

2.7 MTT viability  

The cytocompatibility of scaffolds was assessed using an MTT (3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyl tetrazolium bromide) assay using a standard ISO-10993-5 protocol (ISO 

10993-5:2009 Biological evaluation of medical devices - Part 5: Tests for in vitro cytotoxicity). 

Because one potential application for our composite systems is nerve guides we used Human 

Schwann Cells (SCs), which are the most widely used support cells in peripheral nerve 

regeneration [42,43]. SCs were obtained from ATCC (Virginia, USA).  

The 96-well plate was contained with blank, positive control, and scaffold in serum-

containing Dulbecco’s Modified Eagle’s Medium (DMEM) and maintained in a humidified 

atmosphere with 95 ± 5% humidity and 5% CO2 for 24 ± 2 hours. This medium (extract 

medium) was replaced into another 96-well plate that contained cultured SCs cells and left at 

37.0 ±1°C for 24 ± 2 hours. After incubation, the medium was removed and then MTT solution 

was added into the wells, following with another incubation at 37.0 ±1°C for 24 ± 2 hours. 

Then MTT solution was removed before added DMSO solution in each well to dissolve the 

MTT formazan purple crystals. This solution was determined its absorbance at 570 nm using 

Microplate reader (Anthos2010). At the step of preparation of cultured SCs cells, SCs at a cell 

density of 1 × 104 cells/mL were suspended in DMEM and maintained in a humidified 



10 
 

atmosphere with 95 ± 5% humidity and 5% CO2 at 37.0 ±1°C for 24 ± 2 hours. The cultured 

medium was removed from the cultured SCs cells before the addition of extract medium. 

 

2.8 Cell attachment and cell proliferation  

The cell attachment and cell proliferation of SCs were analyzed using MTT assay. 2 × 

104 cells of SCs were seeded on the samples and then cultured at 37.0 ± 1°C under 5 ± 0.1 % 

CO2 and 95 ± 5% relative humidity, for 1, 3, 5 and 7 days. The medium was replaced every 3 

days. After each time point, the cell attachment was observed by SEM. All scaffolds were 

prepared and fixed with fixative solution for overnight. After the fixation step, the scaffolds 

were washed with washing solution and stored for overnight. Then, each scaffold was 

immersed in various concentrations of ethanol solutions (20, 30, 40, 50, 60, 70 and 100% v/v) 

for 15 min and then dehydrated by Automated critical point dryer. Finally, the upper surface 

of each scaffold was coated by gold for SEM analysis to monitor cell attachment. For cell 

proliferation, after each time point, the incubated cells were stained with MTT at the 

concentration of 0.5 mg/mL in DMEM medium and incubated further for 2 h. After cells 

staining, MTT was removed and then 200 µL of DMSO was added in each well. Finally, 100 

µL of dye solution was transferred into 96-well plate and the absorbance was measured using 

Microplate reader at 570 nm (Synergy H1, BioTek).   

 

2.9 LDH assay  

The effect of each scaffold on cell membrane integrity (both 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). 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. 50 μL master reaction mixture was added into each well and thoroughly mixed. LDH 

analyses were performed at 450 nm using a microplate spectrophotometer (Synergy H1, 

BioTek).   

2.10 Apoptosis assay 
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Cell apoptosis and death of SCs on scaffolds (both 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 1-5 × 106 cells) were harvested by trypsinization, counted, 

and plated into each well. SCs were centrifuged (400 × g, 5 min) and were washed with 1 × 

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.  

2.11 Caspase-3 assay  

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 × 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-3 in each sample 

solution was analyzed at 405 nm wavelengths using a microplate spectrophotometer (Synergy 

H1, BioTek). 

2.12 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 
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The present study introduces the development and fabrication of two-component 

composite scaffolds consisting of a 3D-printed and an electrospun fiber component (3D/E) 

using a combination of 3D printing and electrospinning techniques. To enhance the surface 

properties and cell-substrate interaction, plasma surface modification by N2-Ar was employed. 

The 3D phase (Fig. 1a) acted as a supportive layer, while the E phase was utilized as an ECM 

(Fig. 1b) to improve cell attachment and proliferation. The N2-Ar gaseous mixture was used to 

modify the scaffold surface (Fig. 1c). The optimal conditions for scaffold fabrication and 

surface modification were determined and the impact of plasma surface treatment on scaffold 

characteristics (morphology, crystallinity, and mechanical properties) and cell-substrate 

interaction (cytotoxicity, adhesion, proliferation, apoptosis, and caspase-3 enzyme activity) 

were investigated. 

3.1 3D/E scaffolds: fabrication and characterization 

The 3D and 3D/E scaffolds of PLCL and PLGA were successfully fabricated (Fig. 1a 

and b). Both 3D phases of PLCL and PLGA were transparent and had uniformly oriented 

channels and pores with mean diameters of 165 ± 5 and 215 ± 4 μm, respectively (Fig.  1a), 

whereas, the E phases were white and opaque (Fig. 1b). The cross-sectioned SEM images of 

3D/E scaffolds clearly showed two different phases of 3D and electrospun fibers. The E phases 

of PLCL and PLGA had similar average pore sizes (0.289 ± 0.079 μm for PLCL and 0.287 ± 

0.095 μm for PLGA). The average thicknesses of 3D/E scaffolds of PLCL (0.239 ± 0.002 mm) 

was slightly smaller than in that of PLGA (0.282 ± 0.005 mm). 
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Fig. 1. Cartoon schematics, photographs and SEM images of (a) 3D printed component (3D) 

and (b) electrospun scaffold (E) of the PLCL (top) and PLGA (bottom) systems. (c) shows a 

cartoon illustration of the effect of plasma treatment on the scaffolds. 

  

3.2 Optimization and characterization of the surface modification 

3.2.1 Surface morphological analysis 

Following surface modification of 3D/E scaffolds with N2-Ar plasma at various 

treatment powers and times, the physical appearances and SEM images were analyzed, as 

shown in Fig. 2. The untreated scaffolds exhibited a smooth and flat mat. At an RF power of 

50 W, the PLCL and PLGA scaffolds still exhibited a smooth and flat mat in optical images, 

while fibers merged when longer treatment times were applied, as observed in SEM images. 

At an RF power of 100 W, the scaffolds showed more deformation from a flat to curled mats 

in optical images, and fibers merged with longer treatment times, particularly for the PLGA 

scaffolds. The surfaces of the fibers were damaged due to the high energy acquired by the ions, 

as is generally known [44,45]. Consequently, the effect of N2/Ar treatment with an RF power 
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of 50 W and different treatment times of 1, 3, 5, 7, and 10 mins was selected for further 

investigation. 

 

 

Fig. 2. Photographs and SEM images (at magnification of 5K and 10K (scale bar of 5 m and 

1 m, respectively) of untreated and treated scaffolds by N2-Ar; (a) PLCL and (b) PLGA, at 

different RF powers (50 and 100 W) and treatment times (1, 3, 5, 7 and 10 mins). 

 

3.2.2 Wettability and surface chemical analysis 

 The surface wettability (Fig. 3a) and surface chemical compositions (Fig. 3b) of 

untreated and treated PLCL and PLGA scaffolds were analyzed by water contact angle and 

XPS. The contact angles of untreated scaffolds were observed to be 124.0 ± 1.8° (PLCL) and 

119.6 ± 1.4° (PLGA), whereas the contact angle for all treated scaffolds decreased to 0°. XPS 

analysis revealed the presence of carbon (C1s), nitrogen (N1s), and oxygen (O1s) peaks at 286.0, 

400.0, and 532.0 eV, respectively. The N1s peaks were observed on the treated scaffolds due to 

the N2/Ar plasma treatment, while no N1s peak was observed on the untreated scaffolds.  

The dramatic reduction in static water contact angle (strictly, equilibrium advancing 

contact angles) is, perhaps, at first sight confusing. The clue to the underlying reason lies in the 

initial contact angles (i.e before plasma treatment). Our recorded values for PCL and PGLA  

(>>120o) are significantly higher than those observed for these polymers  in the literature 

(which are conventionally measured on smooth surfaces and are typically less than 100 o) [46-

48] Similarly, the effects of various plasma treatments on a wide range of polymers will 

commonly lead to decreases in static contact angle of 40 - 80o whereas our results show 

decreases in the region of 120o . The reason for this very marked difference can be best 
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understood in the analysis of surface roughness effects which has been extensively and clearly 

expounded in standard texts [49-51].  

 Essentially, the very high initial contact angle that we observed is due to the porosity 

of our system and consequent entrapped air. The plasma treatment enhances surface wettability 

which means that the liquid now wets the surface rather than “riding on” entrapped air. This 

can be described as the transition from a Cassie-Baxter model to a Wenzel model [49-51] and 

leads to an enhancement in observed numerical contact angle reduction. 

Our observations of the changes brought about by plasma treatment are consistent with 

the well-established principles based on the work of many researchers [52-56]. In summary, 

inert gas plasma irradiation creates stable free radicals on a polymer surface, which are able to 

react subsequently with atmospheric oxygen. Chain scission occurs more markedly in the less 

resistant amorphous regions than crystalline regions, leading to chain scission in the amorphous 

regions and a consequent increase in % crystallinity. Nitrogen is a relatively reactive plasma 

component, leading to an increase in nitrogen-containing groups in the polymer surface, quite 

independently of macroradical effects. Surface analysis by XPS has many advantages in 

surface analysis of plasma-treated surfaces because its nanometre-level penetration depth 

detects changes after short treatment times. 

 

 

Fig. 3. Untreated and treated PLCL and PLGA scaffolds: (a) static water contact angle and 

sliding angle data, at RF power of 50 W with different treatment times (1, 3, 5, 7 and 10 mins) 

and (b) XPS survey spectra of untreated and treated PLCL and PLGA scaffolds, at RF power 

of 50 W with different treatment times (1, 3, 5 and 7 mins).  

 

3.2.3 Indirect in vitro cytotoxicity  
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The percentages of viable Human Schwann Cells (SCs) on the untreated and treated 

PLCL and PLGA scaffolds with various N2-Ar plasma treatment times of 1, 3, 5 and 7 minutes 

were assessed (Fig. 4). It was observed that the scaffolds at 3 min of N2-Ar plasma treatment 

displayed the highest percentage of viable cells on the surfaces when compared with other 

treatment times (PLCL 96% ± 1.27, PLGA  96% ± 3.71). This result indicates that the scaffolds 

treated at 3 min were non-toxic to the cells (according to the ISO 10993-5:2009(E) standard, 

i.e. >70% viability). However, the plasma treated PLCL and PLGA scaffolds at 1 minute 

showed the lowest cell viability when compared with the control group and untreated scaffolds. 

Longer time treatment (at 5 and 7 min) decreases cell viability for both PLCL and PLGA 

scaffolds [57,58]. The decrease in cell viability of treated PLCL and PLGA scaffolds at 1, 5 

and 7 minutes of plasma treatment might lead to induce cell oxidative stress, mitochondrial 

dysfunction and apoptosis as well as DNA damage [59,60]. 

 

Fig. 4. Indirect in vitro cytotoxicity of SCs on scaffolds after 24 h of the MTT assay (*P < 0.05 

compared with control), at 50 W with plasma treated for 1, 3, 5 and 7 min. 

 

Among all plasma treated PLCL and PLGA scaffolds, the scaffolds at plasma treatment 

of RF generator working at 50 W for 3 minutes demonstrated the highest percentage of viable 

cells, therefore, they were chosen to study further in terms of the effect of surface properties, 

mechanical properties, storage times and biocompatibility test.  
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3.3 Scaffolds at N2-Ar plasma treatment (RF powers of 50 W with 3 min) 

3.3.1 Morphology, wettability, topography changes, crystallinity and surface chemical 

analysis  

  PLCL and PLGA scaffolds under our perceived optimum treatment conditions (RF 

power of 50 W with 3 min treatment) were white and opaque with thicknesses of 0.253 ± 0.002 

and 0.266 ± 0.007 mm, respectively (see Fig. 2). The E phase of plasma-treated PLCL and 

PLGA scaffolds had the appearance of fibers with interconnected pores of 0.253 ± 0.016 and 

0.238 ± 0.025 μm, respectively, and with mean diameters of 339 ± 22 nm and 662 ± 29 nm, 

respectively. PLCL- and PLGA-treated scaffolds both showed similar thickness and pore size 

after the plasma treatment. Measurements of changes in the surface hydrophilicity by static 

contact angle before and after modification, showed that the water drops on treated scaffolds 

were absorbed within 3 seconds (contact angles near 0°, Fig. 5a), indicating that the surface 

hydrophilicity of the scaffolds was improved [61]. Besides SEM imaging, AFM was also used 

to evaluate plasma influence of surface topography. The AFM images and the roughness values 

of untreated and treated for PLCL and PLGA scaffolds are shown in Fig. 5b. The treated 

scaffolds showed increases in roughness values from 229.75 nm to 306.54 nm for PLCL and 

from 198.95 nm to 374.43 nm for PLGA, when compared with untreated scaffolds which had 

“smooth” surfaces. 

In addition, the crystallinity of both untreated and treated PLCL and PLGA scaffolds 

were studied by XRD (Fig. 5c). For untreated scaffolds, PLCL showed sharp crystalline peak 

at 2𝜃 values of 14.9°, while PLGA showed a broad amorphous peak at 10°–25°. After plasma 

treatment, the PLCL scaffold showed an increase in crystalline peak intensity from 28.0% to 

44.7% when compared with the untreated scaffold. However, the PLGA scaffold was 

substantially amorphous both before and after N2-Ar plasma treatment.   
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Fig. 5. (a) Absorption of water droplets on scaffolds over a 5 second period (b) comparison 

between water contact angle images and AFM images and (c) crystallinity of untreated and 

treated scaffolds (plasma treatment, 3 min at 50 W). 

Figure 6 shows the curve-fitting for C1s, N1s and O1s spectra of untreated and treated 

scaffolds. From the high-resolution C1s spectra (Fig. 6a - b (left)), five possible carbon 

functional groups surface were observed on both  untreated PLCL and PLGA: 1. a carbon atom 

bonded only to carbon or hydrogen (C-C or C-H), 2. a carbon atom with a single bond to an 

oxygen atom as in a hydroxyl group (C-OH) or ether group (C-O-C), 3. a carbon from a 

carbonyl group (C=O), 4. a carbon from an ester group (O=CO-R), 5. a carbon atom from a 

carboxyl group (O=C-OH) [41]. The electron binding energy of these groups could be found 

in untreated PLCL and PLGA scaffolds at 285.017/285.000 eV, 286.000/287.011 eV, 

287.048/289.092 eV and 289.119/290.675-291.867 eV, respectively. For scaffolds treated by 

N2-Ar plasma, nitrogenated carbon functional groups were also observed, which consisted of 

C-C or C-H at 285.051/ 284.873 eV, C-O-C or C-N at 286.421/286.355 eV, C=O at 

287.311/287.295 eV, and O=CO=R (O-CO-(N,H)) at 289.090/288.983 eV. The deconvolution 

analysis of carbon functional groups of the surface of treated PLCL and PLGA scaffolds were 

significantly decreased because treatment of PLCL and PLGA surfaces with Ar can lead to 



19 
 

attack of the carbon bonds to form functional groups, which lead to rupture of the polymer 

chains. 

 N2-Ar plasma activation is known to lead to N-containing functional groups, which 

can explain the incorporation of O-CO-N and/or C-N bonds on the PLCL and PLGA surfaces. 

Additionally, N1s spectra demonstrate additional types of nitrogenated carbon functional 

groups in treated scaffolds (Fig. 6a - b (middle)). The peaks appearing at 400.172/399.062 eV 

and 401.815/400.250 eV were assigned to the amine group (C-N) and amide group (CONHR), 

respectively. The different levels of N-O and C-N in treated PLCL and PLGA scaffolds can 

tentatively be attributed to differences in C to O ratios in the two polymers, PLCL has a higher 

C to O ratio than PLGA, and therefore has more C-N than N-O. For the high-resolution O1s 

spectra, the observed O1s binding energies appeared when scaffolds were treated by N2 and Ar, 

in which the new electron binding energies are observed at 533.58/533.65 and 532.23/532.22 

eV (Fig. 6a - b (right)). Both treated scaffolds showed enhanced formation of nitrogen-

containing bonds such as NC=O and NO-O, although it is not clear which of these were directly 

formed by plasma interaction with functional groups in the polymer and which were the result 

of post-plasma macroradical interaction with air [20,41,62]. The XPS results thus confirmed 

the successful outcome of N2-Ar plasma treatment of the surfaces of PLCL and PLGA 

scaffolds.  
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Fig. 6. High-resolution C1s, N1s and O1s XPS spectra of untreated and treated scaffolds: (a) 

PLCL and (b) PLGA. (RF power 50 W, plasma treatment time 3 min). 

 

3.3.2 Mechanical properties  

As previously mentioned, we aimed to explore a composite approach to the design of 

scaffolds that could maintain a mechanically stable architecture and prevent collapse during 

the tissue regeneration process. At the same time, we believe that the scaffold should have a 

degree of flexibility. More flexible materials, however, are also often weaker, which might lead 

to kinking, breaking, and/or tearing of the suture from the scaffolds [2,6]. Therefore, it was 

important to characterize the mechanical properties in terms of the tensile stress-strain profile  
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and Young’s modulus of 3D phase, E phase, untreated 3D/E and treated 3D/E scaffolds (Fig. 

7).  

3D phases displayed a relatively low deformation under high stress, which would lead 

to a stronger and stiffer scaffold, while the Young’s modulus showed values of 173 ± 6 MPa 

(PLCL) and 397 ± 6 MPa (PLGA). A decrease in the tensile strength and Young’s modulus of 

composite structures was observed when 3D scaffolds were combined with an E phase, due to 

the greater elongation of electrospun phase. It was important to observe the benefits of the 

composite structure, however, in that 3D/E scaffolds were much stronger than the E phase 

alone. Comparing the two polymer systems, 3D/E PLGA scaffolds (both untreated and treated 

by N2-Ar plasma) showed higher tensile stress and Young’s modulus but lower tensile strain 

than PLCL (both treated and untreated by N2-Ar). This is best understood as a consequence of 

the greater crystallinity and higher glass transition temperature of PLGA, which behaves as a 

glassy material at room temperature, whereas PLCL at room temperature behaves as an 

elastomeric material. After plasma treatment, the tensile strength (at 1% strain) of 3D/E 

scaffolds of PLCL and PLGA increased due to the proportional increase in crystallinity (see 

Fig. 5 and Sec 3.2.2). The Young’s modulus of PLCL decreased from 117 ± 8 MPa to 104 ± 6 

MPa, while PLGA scaffolds increased from 410 ± 5 MPa to 446 ± 9 MPa. Moreover, it 

demonstrated that the mechanical characteristics of scaffolds remained rarely altered through 

the surface modification process. This indicated that 3D phase improved the mechanical 

properties of the scaffolds and made scaffolds strong enough for supporting tissue regeneration 

[63].  

 

 Fig. 7. Mechanical properties of untreated (3D, E and 3D/E) and treated (3D/E/N2-Ar) 

scaffolds; (a) stress-strain curves of PLCL, (b) stress-strain curves of PLGA and (c) Young's 

modulus of PLCL and PLGA.  

3.3.3 Effects of storage time  
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The stability of scaffolds is a particularly important property in biomedical applications. 

The scaffold should maintain its shape and retain its surface modified structure under in vitro 

conditions for a period equivalent to the repair time following tissue injury. Such in vitro 

studies form an important understanding of baseline behavior, although they can give no 

guarantee of stability in vivo. Therefore, we investigated the effect of N2-Ar plasma treatment 

on the long-term performance of the scaffolds fabricated in this work by monitoring the WCA, 

XPS and in vitro hydrolytic degradation behaviors for 168 days (Fig. 8).  

The water contact angle of each scaffold was measured after elapsed time periods 

ranging from  0 - 168 days (Fig. 8a,b). The WCA of untreated PLCL and PLGA scaffolds were 

124.0 ± 1.8° and 119.6 ± 1.4°, respectively, which  define them as hydrophobic materials 

(WCA > 90°) [64]. After N2-Ar plasma treatments, the WCA of all scaffolds decreased to 0° 

within 3 s and remained at 0° after storage for 168 days, which clearly indicates a persistent 

increase in surface  hydrophilicity (see Sec 3.2.2 for detailed comment).. Absorptivity 

decreased gradually when scaffolds were stored for longer time periods,  as characterized by 

an increase in absorption time  (Fig. 8c). The increase in absorption times of the water droplet 

was 3 s to; 4.32 ± 0.26 s (PLCL scaffold) and 3.00 ± 0.00 s (PLGA scaffold) after 7 days, 6.78 

± 0.11 s (PLCL scaffold) and 4.46 ± 0.06 s (PLGA scaffold) after 28 days, 17.89 ± 0.22 s 

(PLCL scaffold), 10.51 ± 1.19 s (PLGA scaffold) after 84 days and 29.94 ± 1.99 s (PLCL 

scaffold) and 19.23 ± 1.25 (PLGA scaffold) after 168 days.  

In addition, the stability of scaffolds after treatment was also observed by the N content 

on the surface of treated PLCL and PLGA scaffolds during storage (Fig. 8d). After 7 days, the 

percentage of N content on treated PLCL and PLGA surface decreased rapidly from a relative 

value of 100% to 66 % and 76 %, respectively. After storage time for up to 28 days, the 

percentage of N content was 58 % (PLCL scaffold) and 63 % (PLGA scaffold) after 84 days, 

53 % (PLCL scaffold) and 56 % (PLGA scaffold) after 168 days, 43 % (PLCL scaffold) and 

49 % (PLGA scaffold). The degradation profiles of PLCL and PLGA were also observed as 

weight retention at temperature of 37.0 ± 1.0 °C for 0 - 168 days (Fig. 8e). The % weight 

retention of untreated and treated PLCL scaffolds was about 98 - 95 % (after 28 days), 90 - 75 

% (after 84 days) and 60 - 45 % (after 168 days). For untreated and treated PLGA scaffolds, 

the % weight retention was around 85 % (after 28 days), dramatically decreased to around 35 

% (after day 84) and dropped to approximately 25 % (after day 168). The degradation profiles 

of PLGA scaffolds with and without plasma treatment decreased more than that of PLCL 

scaffolds. In addition, both plasma treated scaffolds of PLCL and PLGA showed less weight 

retention than their untreated scaffolds. These results are consistent with the known effects of 
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increases in surface area (surface roughness) and surface functional group concentration  due 

to chain scission in aliphatic polyesters [65,66].  

 

 

Fig. 8. Changes in surface wettability for both scaffolds (PLCL and PLGA) over 168 days 

following plasma treatment: (a) and (b) static water contact angle and sliding angle data of a 

water droplet on untreated and treated surfaces, (c) absorbing properties of a water droplet on 

treated surfaces, (d) nitrogen component on treated surfaces, (e) in vitro hydrolytic degradation 

of untreated and treated scaffolds.  

 

3.3.4 Cytocompatibility testing  

Cell proliferation and cell attachment 

To confirm the cell-substrate interactions on treated  PLCL and PLGA scaffolds, cell 

proliferation and cell attachment assays  of SCs were performed at 1, 3, 5 and 7 days after cell 

seeding (Fig. 9). The percentage of cell proliferation of treated scaffolds relatively increased 

on the first day (Fig. 9a). One week after seeding, the SCs showed the highest attachment on 

the treated scaffold. In addition, the cells were well spread and grew as well as those observed 

on the control, as displayed in Fig. 9b. Importantly,  greater cell proliferation and cell 
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attachment was seen on the PLGA treated scaffolds, possibly due to the higher surface 

roughness values induced by plasma. The E phase of both 3D/E scaffolds provided an 

appropriate pore size (0.253 ± 0.016 μm for PLCL and 0.238 ± 0.025 μm for PLGA),  to 

promote better cell proliferation as compared to the 3D printed alone.  

 

Fig. 9. Direct in vitro cytotoxicity of untreated and treated (PLCL and PLGA) scaffolds of the 

MTT assay: (a) cell proliferation of SCs and (b) cell attachment of SCs. 

 LHD assay 

To confirm the cytocompatibility of the scaffolds, an LDH assay was carried out (to 

analyze the LDH release from damaged cells). Wnen the cell membranes are damaged, LDH 

release into the extracellular environment occurst. The release of LDH into the medium 
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represents an indication of cytotoxicity within the cell population [59,60,67]. Figure 10a 

demonstrates that the concentration of LDH released from cells cultivated on all untreated and 

treated scaffolds (both PLCL and PLGA) significantly increased from day 1 to day 7 

(indicating an increase in cytotoxicity). All PLGA scaffolds exhibited a considerably lower 

concentration of LDH release than that of PLCL scaffolds. Comparing the LDH release 

between 3D, 3D/E and 3D/E/N2-Ar (treated) scaffold of PLCL and PLGA; 3D/E showed higher 

LDH release than 3D, but lower than the plasma-treated scaffolds. This is apparently due to 

the fact that the E phase leads to enhanced cell proliferation (see Fig. 9), and thus an increase 

in the level of LDH release. Once scaffolds were treated by plasma for 3 min (see Fig. 9), not 

only the cell attachment and cell proliferation increased but also cell adhesion and residence 

(with high surface roughness). This causes less cell membrane damage (more healthy cells), 

resulting in a decrease in LDH release. Thus, the results clearly show that surface modification 

of treated scaffolds by N2-Ar plasma plays a crucial role in improving biological performance 

of cells. 

 Apoptotic assay 

To confirm the viability of cells cultivated on the untreated and treatedscaffolds (both 

PLCL and PLGA) at day 7, it is appropriate to examine programmed cell death (apoptosis) 

using Annexin V-APC/DAPI. This approach was used to observe the early- and late-stage of 

apoptosis (Fig. 10b), and caspase-3 activity to observe mid-stage apoptosis (Fig. 10c). Annexin 

V conjugated with APC is a calcium-dependent phospholipid binding protein that shows 

interaction with phospholipid phosphatidylserine (PS) and can be used to detect after outer 

membrane permeability during the early-stage of apoptosis. DAPI is a dye that can be used as 

a marker to  determine the nuclear changes and assess late-stage apoptotic changes. Mid-stage 

apoptosis can be detected using caspase-3 activity, which relates to crucial mediators of the 

release of caspase-3 in cell lysates, resulting in destruction of cellular structures [60,68,69]. 

Comparing responses to, scaffolds fabricated from PLCL and PLGA, the % relative 

populations indicating  early-, mid- and late-stage apoptosis of cells on PLGA scaffolds was 

slightly lower than that of PLCL scaffolds. The cell death process in early- and late-stage 

apoptosis on 3D/E scaffolds of both PLCL and PLGA was higher than that of 3D and 3D/E/N2-

Ar, respectively (Fig. 10b). The caspase-3 activity of treated scaffolds significantly decreased 

on both treated PLCL and PLGA scaffolds when compared with untreated materials (Fig. 10c). 

These findings corroborate those obtained from LHD release values, wherein the E phase 

demonstrated a greater capacity for cellular proliferation and mortality. Moreover, plasma 
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treatment facilitated the proliferation of healthier cells while promoting enhanced surface 

roughness favorable to successful entrapment and adhesion without compromising cellular 

integrity.  

 

Fig. 10. Percentages of relative populations of SCs: (a) LHD assay, (b) apoptotic indices by 

Annexin V-APC/DAPI and (c) apoptotic indices by caspase-3 activity (*P < 0.05 compared 

with healthy cells). 

4. CONCLUSIONS  

The fabrication of two-component composite scaffolds consisting of a 3D-printed and an 

electrospun fiber component using poly(lactic-co-glycolic acid) (PLGA) and poly(lactide-co-

ε-caprolactone) (PLCL) was successfully achieved. N2-Ar plasma treatment was applied to the 

electrospun fiber phase, resulting in increased surface polar functional groups and oxygenation. 

The mechanical properties of the 3D phase were sufficient to support the scaffolds, while the 

electrospun fiber phase acted as the extracellular matrix (ECM) to facilitate cell attachment and 

proliferation. The modified surface of the electrospun fiber phase significantly improved 

surface wettability, leading to enhanced cell attachment, viability, proliferation, and healthy 

cells. Both PLGA and PLCL scaffolds demonstrated the potential for supporting cell 

regeneration, with PLGA performing slightly better but degrading faster and exhibiting lower 

strain percentage than PLCL. The scaffolds appear to  have the potential for use in clinically 
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relevant biomedical applications, such as nerve guide conduits and nerve protectant wraps. 

Furthermore, the scaffolds were able to fold to diameters within the range of commercially 

available Food and Drug Administration (FDA)-approved products without breaking or 

detachment of the electrospun fiber phase. These findings suggest that these novel scaffolds 

hold promise for advancing regenerative medicine. 
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