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Abstract: A challenge for tissue engineering is to produce synthetic 
scaffolds of adequate chemical, physical and biological cues effectively. 
This paper describes a plasma-assisted bio-extrusion system to produce 
functional-gradient scaffolds; it comprises pressure-assisted and screw-
assisted extruders, and plasma jets. This paper also describes how the 
system conducts plasma surface modification during the polycaprolactone 
scaffold fabrication process. 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. The results suggest this system 
is promising for producing functional gradient scaffolds of biomaterials. 
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A challenge for tissue engineering is to produce synthetic scaffolds of adequate chemical, physical and biological cues effectively. This paper describes a 
plasma-assisted bio-extrusion system to produce functional-gradient scaffolds; it comprises pressure-assisted and screw-assisted extruders, and plasma 
jets. This paper also describes how the system conducts plasma surface modification during the polycaprolactone scaffold fabrication process. 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. The results suggest this system is promising for producing functional gradient scaffolds 
of biomaterials.  
 
Additive manufacturing, biomedical, tissue engineering 

1. Introduction 

Tissue engineering is promising for organ replacement as it 
minimizes the side effects of organ transplantation. 
Biomanufacturing is one of the key stages in tissue engineering as 
it is concerned with the development of biological substitutes that 
restore, maintain, or improve tissue function. Biomanufacturing 
preferably requires the combined use of additive manufacturing 
(AM), biocompatible and biodegradable materials, cells and 
biomolecular signals [1]. AM techniques are commonly applied in 
scaffold fabrication due to their superior ability in controlling 
pore size, shape and distribution, thus creating interconnected 
porous structures [2, 3]. However, cell-seeding and proliferation 
efficiency are currently big challenges due to the following 
limitations [4-6]. 
(i) Most AM techniques are limited to single-material 

fabrication, which makes it difficult to provide an 
appropriate environment for cells due to inadequate 
chemical, physical and biological cues provided during the 
AM process.  

(ii) Non-uniform cell distribution, with rare cell adhesion in the 
core region of scaffolds, often caused by tortuosity of the 
constructs.  

(iii) Limited cell colonization due to the hydrophobicity of the 
most commonly used synthetic biopolymers. 

Different strategies have been explored to overcome the above 
limitations. Different materials have been developed and utilized 
to produce multiple-material scaffolds [7-9]. However, most of 
these systems can only fabricate the scaffolds from one type of 
biomaterial, either soft hydrogels containing cells or bio-signals 
(the average Young’s modulus is a few kPa), or rigid biopolymers 
and composites (the average Young’s modulus is a few hundred 
MPa). The disadvantage with the latter is that it fails to mimic 
natural tissues. Increasing the hydrophilicity of polymer scaffold 
to achieve a better cell attachment rate can be achieved by 
different chemical surface treatment methods. One of them uses a 
simple sodium hydroxide treatment, rendering the scaffolds more 
hydrophilic [10]. A low-temperature plasma modification is also 
capable of improving the hydrophilicity of biopolymers by 
inducing certain functional groups on the surface to change the 
chemical signalling, wettability and energy without altering the 
bulk properties [11-14]. These researchers conducted the plasma 

treatment after the scaffolds were printed, thus limiting the 
penetration depth, which subsequently resulted in a non-uniform 
cell distribution along the scaffold. 

This paper introduces a novel plasma-assisted bioextrusion 
system (PABS), which represents an advancement in the 
manufacture of functional-gradient scaffolds, as it not only 
permits the processing of different biomaterials but also makes 
in-process plasma surface modification possible. The system can 
print a structure and deposit amine groups layer by layer within 
the scaffold with Nitrogen-based plasma modification.  

The water contact angle (WCA) is used to evaluate the 
hydrophilicity changes in polycaprolactone (PCL) scaffolds after a 
N2 plasma treatment. In vitro biological assessment with Human 
Adipose Derived Stem Cells (hADSC) has been performed to 
evaluate the adhesion and proliferation on treated and untreated 
scaffolds.  

2. Materials and Methods 

2.1. Materials 
PCL (CAPA®6500, Mw = 50,000 g/mol) is a 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. 
This polymer was purchased, in the form of 3 mm pellets, from 
Perstorp (Cheshire, United Kingdom) and used in this project. 
 
2.2. Experimental Rig 

The experimental rig (Fig. 1(a)) described in [15, 16] has been 
further developed to include the plasma modification unit which 
is described in detail below. For the sake of completeness, some 
of the more important parts of the rig are also briefly mentioned 
below. 
(i) The rig has of a multi-extrusion unit consisting of three 

heads, two pressure-assisted and one screw-assisted. The 
extrusion unit has four  movements, one rotational 
movement (C1) for indexing the extrusion heads, a second 
rotational movement for controlling the screw rotational 
speed of the screw-assisted extruder (C2) and two 
movements (X and Y axes) in the X-Y plane; all four 
movements are controlled by CNC drives.  
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Fig. 1 (a) PABS consisting of a control system, multi-extrusion heads, and plasma modification unit; (b) plasma modification unit 
comprising a glass tube reaction jet with three gas inlets for gas mixture and different chemical groups deposition; (c) sequence of 

operations to fabricate full-layer plasma treated scaffolds. 
 

(ii)  The plasma unit is an atmospheric plasma jet and is mounted 
on an X-Y platform, which is co-planar with the extrusion 
platform. Since both the platforms share common cylindrical 
guide rails in the X-direction, the movement of this platform 
in the X-Y plane gives rise to only one additional axis (V axis), 
the fifth axis of the rig. A quartz capillary (outside diameter=7 
mm; inner diameter=5 mm; length=70 mm) with three gas 
inlets serves as the reaction jet. A tungsten rod (D=2 mm) and 
one copper film (width=10 mm) wrapped around the quartz 
tube serve as the high-voltage and ground electrodes, 
respectively. The electrode is connected to a high-voltage DC 
power supply (applied voltage = 10 kV; frequency = 50 kHz). 
The plasma is generated from the top central electrode, 
expanding to the surrounding air inside and outside the 
nozzle (Fig. 1(b)).  

(iii) The build platform moves in the z-direction and constitutes 
the sixth controllable axis. 

 
Two different types of extrusion heads have been incorporated 

in the rig, so that scaffolds can be fabricated from materials with 
both low and high viscous materials such as hydrogels, 
biomaterials and polymer composites. The stepper motors rotate 
the extrusion unit, control the rotational speed of the extruder 
screw, and drive the two platforms in the X-Y plane. Because they 
are CNC controlled, it means that the region to be plasma treated 
in a layer of the scaffold, can be of any arbitrary shape; this region 
is defined using a user-friendly interface, and then the in-house 
software automatically generates a word-address program, 
containing G, M, etc. codes, to move the plasma modification unit 
over the user-defined region. In the work reported herein, for the 
sake of simplicity, the entire area of each layer is plasma 
modified. Figure 1(c) shows the steps to fabricate full-layer 
modified scaffolds; the plasma modification is carried out after 
each layer of the scaffold has been printed, thereby sandwiching 
plasma-induced chemical membranes between printed layers of 
the scaffold.  
Scaffolds with a cross-section of 10x10 mm and a height of 3 mm 
were fabricated using the single lay pattern of 0/90° and a 
filament distance of one mm for fabricating inter-connected 
structures. The plasma treatment was conducted at a pressure of 
0.689 bar and a flow rate of 5   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. The 
other processing conditions for the scaffolds were: slice thickness 

= 0.5 mm; liquefier temperature=90°C; extrusion screw rotational 
speed = 15 rpm; and nozzle tip size = 0.5 mm. This rotational 
speed is higher than that used in [15] because it was found that 
higher speeds, the mechanical behaviour of the scaffold is 
improved [17]. 
 
2.3. Morphological characterization 

Scanning electron microscopy (SEM) was used to image the 
morphology of the scaffolds for visualization and evaluation of 
the surface characteristics for both plasma-treated and untreated 
scaffolds. The scaffolds were coated with platinum (~ 40 s 
sputtering) and imaged at 10 kV (Hitachi S3000N). These images 
were then analysed using ImageJ [18] to measure the fibre 
diameter and pore size, and to ascertain whether the plasma 
surface modification process has a physical impact on these 
geometrical parameters. At least 40 measurements were made 
each time. 

 
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    of distilled water on the 
surface of the scaffold.  The    measurements of the contact 
angles are automatically calculated with the instrument software. 
The temporal effect of plasma treated scaffolds was also assessed 
with WCA tests on days 1, 3, 7 and 14. 

 
2.5 Mechanical compression test 

Compression tests were conducted to determine the effect of 
full-layer plasma modification on the mechanical behaviour of the 
scaffolds. Each test was repeated four times at a speed of 0.5 
mm/min and a maximum strain value of 0.45, using an INSTRON 
3344 testing device with a 2000N load cell. 
 
2.5. Biological test 

In vitro biological assessments were conducted with human 
adipose-derived stem cells (STEMPRO, Invitrogen, Waltham, MA, 
USA). Before cell seeding, the scaffolds were sterilized by soaking 
in 70% ethanol for 2 hours. After sterilisation, samples were 
rinsed twice in phosphate buffered saline (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 to the scaffolds (cell-seeding efficiency) were 
assessed through Alamar Blue assay (also referred to as 
Resazurin assay, reagents from Sigma-Aldrich, UK) [19]. Cell 
viability/proliferation was measured on the first, third, seventh 
and fourteenth day after cell seeding [20]. 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 four hours under standard conditions (37 ºC, 
5% CO2 and 95% humidity). After incubation, 150    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) [21]. Each test 
was repeated thrice. 
 
2.6. Data analysis 
All data are represented herein as mean ± standard deviation. 
Biological results were subjected to one-way analysis of variance 
(one-way ANOVA) and post hoc Tukey’s test using GraphPad 
Prism software. Significance levels were set at p < 0.05. 

3. Results and Discussion 

3.1. Morphology properties 
SEM images of the 3D structures are shown in Fig. 2(a). SEM 

images of the top and side views clearly show a well-bonded 
structure; although the structure was programmed to have a 
uniform pore size of 500x500 µm, this was not the case in 
practice. For instance, in the left image in Fig. 2(a), the four pores 
are not of the same size, and their dimensions vary between 
386±15µm to 567±7µm; this variation in the pore size can 
probably be attributed mostly to the positioning errors in the 
open-loop stepper motor drives.  

Figure 2(b) shows SEM images of filament surfaces of top layers 
from untreated and plasma-treated scaffolds. The results confirm 
that the plasma surface modification has an impact on the surface 
roughness, which is an important factor in biomedical materials, 
as it may affect cell adhesion [19]. The surface of an untreated 
filament has small pores (~5-20 µm diameters). After treatment, 
these pores disappear; instead lines in the direction of the plasma 
jet movement are generated, which result in a rougher surface 
topography. Their occurrence is due to the gas flow generated by 
the plasma jet during the modification process. Because the 
plasma modification is done during the fabrication process, it 
means that the material is still in the molten state when the 
modification is performed, resulting in the gas flow having a more 
pronounced effect on the surface topography. 
 
3.2. Surface wettability characterization 
Since synthetic polymers, such as PCL, are hydrophobic, it is 
important to know the surface wettability before and after the 
plasma treatment. WCA measurements were performed on 
untreated and fully treated plasma PCL scaffold surfaces to 
determine the effect of plasma modification on the surface 
wettability. Table 1 highlights the WCA results at different 
instances after the droplet was dropped on the surface of the 
scaffolds. The results show that in the case of an untreated PCL 
scaffold, there is little or no change in the WCA values with time. 
These values vary between 83.2±2.0° and 80.9±2.7°. For the 
treated scaffolds, the WCA value, at 0 s, was lower at 63.0±3.1°, 
leading to a fully wetting value of 26.7±0.9 ° at 0.5 s. The droplet  

 

Figure 2. SEM images of (a) top and cross-section views of 3D printed 
PCL scaffolds after N2 plasma treatment; (b) top view of filament surfaces 
of untreated and plasma-treated scaffolds. 

was quickly absorbed into the structure and no value was 
obtained at 3 s. The results reveal that the hydrophilicity of the 
surface is dramatically  improved  due   to  the ionisable  groups 
introduced on the surface by the N2 plasma, which enhances the 
hydrogen bonding with water. When these results are compared 
with those published in [11, 14], the absorption speed is faster, 
probably because, with each layer being plasma modified, 
chemical heterogeneity is generated on the surface of every layer. 

Figure 3 shows the temporal variation of WCA but on a much 
longer scale; the WCA values increase non-linearly with time, 
which means the plasma modification effect decreases with time. 
These changes can be attributed to the structural rearrangement 
of polymer chains to decrease surface energy [22]. These results 
confirm that PABS has the capability of creating highly 
hydrophilic structures but the effect decreases with time.  
 
3.3 Mechanical properties characterization 

The stress-strain curves (Fig.4) for both untreated and fully-
treated PCL scaffolds reveal that the mechanical behaviour of 
both scaffolds is almost identical. Except for some non-linearity 
between strains of 0.1 and 0.25, the stress-strain curves exhibit a 
linear variation. These observations indicate that the in-process 
plasma modification process does not affect the mechanical 
properties of scaffolds. 
 
3.4. Biological characterization 

The adhesion and proliferation of hADSCs on plasma full-layer 
modified PCL scaffolds was studied and compared with untreated 
ones. The biological characterization was assessed using Alamar 
Blue Assay. The fluorescence intensity of cells seeded scaffolds 
was measured at four different culture time points (1, 3, 7 and 14 
days), as shown in Fig. 5. Higher fluorescence intensity 
corresponds to more metabolically active cells. Comparing the 
results at the four different time points, it can be observed that 
for both plasma-treated and untreated scaffolds, the fluorescence 
intensity, which represents the growth in cell 
viability/proliferation, increases with time, suggesting that 
scaffolds fabricated with this particular additive manufacturing 
system are suitable substrates for cell proliferation. Comparing 
the fluorescence intensities on day one (see Fig. 4), there is no 
significant difference between the plasma treated and untreated 
scaffolds. But on day three, the plasma treated scaffolds present a 
statistically higher fluorescence intensity than the non-treated 
scaffolds, suggesting a higher cell attachment/proliferation rate  



Table 1 Temporal variation of water contact angles for treated and 
untreated scaffolds 

 PCL scaffolds N2 plasma fully treated  

0s 83.2±2.0 63.0±3.1 
0.5s 82.9±1.2 26.7±0.9 
3s 80.9±2.7 Fully absorbed 

 
Fig. 3 Temporal variation of the water contact angle for treated scaffolds 

 
Fig. 4 Typical stress-strain curve for untreated and full-layer N2 plasma 

treated PCL scaffolds. 

 
Fig. 5 Temporal variation of fluorescence intensity of cell-seeded PCL 
scaffolds with and without N2 plasma treatment. 

caused by the plasma surface modification through increased 
hydrophilicity. The phenomenon also exists on the seventh and 
fourteenth day. 

4. Conclusions and outlook 
This paper describes the development of a novel additive 
manufacturing system comprising a multi-extrusion system and a 
plasma jet unit, enabling in-process plasma modification during 
scaffold printing to create a full-layer modified structure. The 
effects of full-layer plasma treatment on PCL scaffold were 
examined and exhibit the following advantages: 

(i) SEM analysis show the capability of PABS to produce 
full-layer plasma treated scaffolds with fully 
interconnected channels and regular pore size. 

 

(ii) The surface morphology of filament is affected due to 
the plasma jetting. 

(iii) WCA results confirm that the hydrophilic character of 
the PCL samples increased due to the amide groups 
introduced by plasma jetting. 

(iv) As confirmed from the mechanical analyses, the in-
process modification process does not change the 
compressive mechanical performance of the scaffolds. 

(v) The treated scaffolds exhibit a higher cell 
attachment/proliferation rate suggesting an improved 
biological performance. 

Applications that may benefit from this technology include 
hybrid tissue, which has compositional variations depending on 
the region or organ-like structure which require continuous 
vascular network to facilitate nutrient diffusion.  
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