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School of Mechanical, Aerospace and Civil Engineering, University of Manchester 
Manchester, M13 9PL, UK 

ABSTRACT: A key challenge in tissue engineering is the fabrication of synthetic scaffolds with 
adequate chemical, physical and biological cues. This paper describes a novel plasma-assisted bio-
extrusion system (PABS) to produce functional-gradient scaffolds. It comprises two pressure-
assisted and a screw-assisted printing head and plasma jets. Hybrid scaffolds consisting of a
synthetic biopolymer and a natural hydrogel, and full-layer N2 plasma modified polymeric 
scaffolds were produced to assess the system. Water contact angle and in vitro biological tests 
confirm that the plasma modification alters the hydrophilicity properties of synthetic polymers and 
promotes proliferation of cells, leading to homogeneous cell colonization. It is also demonstrated 
the capability to produce multi-material structures. The results suggest that PABS is a promising 
system for the fabrication of functionally-graded scaffolds. 
KEYWORDS: hybrid scaffold, PABS, plasma surface modification, tissue engineering
1. INTRODUCTION
Biomanufacturing is the major strategy of tissue engineering aiming at the development of
biological substitutes that restore, maintain, or improve tissue function using additive
manufacturing (AM), biocompatible and biodegradable materials, cells and biomolecular signals
(Vyas et al. 2017). AM is the ideal technology for scaffold fabrication due to the superior ability in
controlling pore size, pore shape and pore distribution, thus creating interconnected porous
structures (Vyas et al. 2017;Kumar et al. 2016). However, cell-seeding and proliferation efficiency
is currently a big challenge due to the following limitations (Giannitelli et al. 2015; Sobral et al.
2011;Oh and Lee 2013):

Most AM techniques are limited to single-material fabrication, mostly polymers and
polymer/ceramic, making it difficult to provide an appropriate environment for cells due
to the inadequate chemical, physical and biological cues.
Non-uniform cell distribution, especially cell adhesion in the core region of scaffolds, is
often caused by the tortuosity of the constructs.
Synthetic biopolymers, are usually hydrophobic, corresponding to limited the cell
colonization.

Different strategies have been explored to solve the abovementioned problems. Multi-material 
systems have been developed and utilized to produce heterogeneous scaffolds (Ozbolat et al. 
2014;Rutz et al. 2015). However, most of these systems can only form one type of biomaterials, 
either soft hydrogels containing cells or biosignals with mechanical properties in the scale of KPa, 
or rigid biopolymers and composites in the scale of MPa, which fails in the mimicry of natural 
tissues. Additionally, low temperature plasma modification technique can be used to improve the 
hydrophilicity of printed scaffolds after fabrication by introducing certain functional groups on the 
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surface to change the chemistry, wettability and surface energy without altering the bulk properties 
(Intranuovo et al. 2014;Intranuovo et al. 2016).  Moreover, the after-printing surface treatment 
presents limited penetration depth, which results in non-uniform cell distribution along the 
scaffold. 
This paper introduces a novel plasma-assisted bioprinting system that represents a step forward in 
the manufacturing of functional-gradient scaffolds allowing processing soft and hard biomaterial 
and the layer-by layer plasma surface modification during the fabrication process. The system was 
applied to produce hybrid polycaprolactone (PCL)/alginate scaffolds and full-layer plasma treated 
PCL scaffolds. 
2. MATERIALS AND METHODS 
2.1 material preparations 
PCL (CAPATM6500, Mw = 50,000 g/mol), purchased from Perstorp (Cheshire, UK) in the form of 
3 mm pellets, was used to produce the scaffolds. PCL is an easy-to-process semi-crystalline 
polymer with a density of 1.1 g/cm3, a melting temperature between 58-60 °C, and a glass 
transition temperature of -60 °C. 
The powder-type alginate (Sigma-Aldrich, UK) was dissolved in Dulbecco's Phosphate Buffered 
Saline (DPBS) (Sigma-Aldrich, UK) at a concentration of 2%, and then mixed with methacrylate 
anhydride (MA) (Sigma-Aldrich, UK) at 15mL MA/g of alginate. The pH of the solution was kept 
around 8.0 during the reaction time by the addition of 5M NaOH. The reaction time was 24 hours. 
After chemical modification, the hydrogel solution was precipitated with cold ethanol, dried in an 
oven overnight at 50 Cº and purified through dialysis for 5 days.  
2.3 PABS setup 
PABS (Figure 1) comprises two main units, a multi-extrusion unit (Figure 1(b)) and three-inlet 
plasma modification unit (Figure 1(c)). The multi-extrusion unit consists of two pressure-assisted 
extruders and one screw-assisted extruder, allowing operating a range of biomaterials, such as 
synthetic biopolymers, hydrogels and biopolymer/ceramic composites.  The three-inlet plasma jet 
is mounted on a x-y platform which is co-planar with the extrusion platform, allowing the in-
process plasma modification during the scaffold fabrication process. The plasma jet head consists 
of a quartz capillary with a pin-type electrode mounted in co-axial geometry at the centre of the 
capillary, and a ground electrode outside. The control software was developed in MATLAB as 
previously reported, generating G code files containing all the instructions for the fabrication 
process(Liu et al. 2018). 
Scaffolds with a cross-section of 10x10 mm and a height of 3 mm were fabricated using a single 
lay-down pattern of 0/90°, and a filament distance of 1 mm with pore size of 1x1 mm2, slice 
thickness of0.5 mm; processing temperature of 90°C; screw rotational speed of 15 rpm; and nozzle 
tip size of 0.5 mm. The strategies for printing hybrid scaffolds and full-layer treated scaffolds are 
shown in Figure 2. 
2.4 Wettability measurement 
Water contact angle (WCA) tests on the surfaces of untreated and plasma-treated PCL scaffolds 
were carried out with a commercial KSV CAM 200 system (KSV Instruments, Finland). The 
system is equipped with a CCD video camera and a micrometric liquid dispenser to drop 2 L of 
distilled water on the surface of the scaffold.  The measurements of the contact angles are 
automatically calculated with the instrument software. 
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2.5 Biological tests 
In vitro biological assessments were conducted with human adipose-derived stem cells (hADSCs) 
(STEMPRO, Invitrogen,Waltham, MA, USA). Before cell seeding, scaffolds were sterilized by 
soaking in 70% ethanol for 2 hours. After sterilisation, samples were rinsed twice in phosphate 
buffered saline (PBS) (Gibco, ThermoFisher Scientific, Waltham, MA, USA), transferred to 24-
well plates and air-dried for 24 hours at room temperature. 50,000 cells were seeded on each 
sample, including plasma-treated and untreated scaffolds. 
Cell viability/proliferation behaviour and the percentage of cells attached on the scaffolds (cell-
seeding efficiency) were assessed through Alamar Blue assay (also termed the Resazurin assay, 
reagents from Sigma-Aldrich, UK). Cell viability/proliferation was measured at 1, 3, 7 and 14 days 
after cell seeding. For each measurement, cell-seeded scaffolds were transferred to a new 24-well 
plate and 0.7 ml of Alamar Blue solution was added to each well. The plate was incubated for 4 
hours under standard condition (37 ºC, 5% CO2 and 95% humidity). After incubation, 150 L of 
each sample solution was transferred to a 96-well plate and the fluorescence intensity measured at 
540 nm excitation wavelength and 590 nm emission wavelength with a spectrophotometer 
(Sunrise, Tecan, Männedorf, Zurich, Switzerland). 
3. RESULTS AND DISCUSSION 
3.1 Hybrid scaffold fabrication 
The hybrid scaffold, consisting of PCL and hydrogel solution, was successfully fabricated using 
PABS. Figure 3 shows the image of the hybrid scaffold, where the porous structure hold the 
hydrogel solution without any deformation. The position of the deposited hydrogel was precisely 
controlled. 

 
Figure 3. Hybrid PCL/hydrogel scaffold 

3.2 Full-layer treated PCL scaffold fabrication 
The full-layer plasma treated PCL scaffold is shown in Figure 4. The N2 plasma treatment was 
conducted at a pressure of 0.689 bar and a flow rate of 5 L/mm. The deposition speed of the 
plasma jet was 3 mm/s and each layer was subjected to the plasma treatment for one minute. The 
distance from the bottom of the jet to the surface of the PCL filaments was 10 mm. 

 
Figure 4. Full-layer treated PCL scaffold 
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examined. WCA results confirmed that the hydrophilic character of the PCL samples increased 
due to the nitrogen groups introduced by the plasma jetting on the scaffold filaments. It was also 
possible to observe that the plasma treatment positively influences cell attachment and 
proliferation. Applications that may benefit from this technology include hybrid tissue, which has 
compositional variations depending on the region or organ-like structure that require continuous 
vascular network to facilitate nutrient diffusion. 
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