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ABSTRACT Scaffolds are physical substrates for cell attachment, proliferation and 
differentiation, ultimately leading to the regeneration of tissues. They must be designed according 
to specific biomechanical requirements such as mechanical properties, surface characteristics, 
biodegradability, biocompatibility and porosity. The optimal design of a scaffold for a specific 
tissue strongly depends on both materials and manufacturing processes. Polymeric scaffolds 
reinforced with electro-active particles could play a key role in tissue engineering by modulating 
cell proliferation and differentiation. This paper investigates the use of an extrusion additive 
manufacturing system to produce PCL/pristine graphene scaffolds for bone tissue applications. 
PCL/pristine graphene blends were prepared using a melt blend process. Scaffolds with the same 
architecture but different contents of pristine graphene were evaluated from a chemical, 
morphological and mechanical view. Scaffolds with regular and reproducible architecture and a 
uniform dispersion of pristine graphene flakes were produced. It was also possible to observe that 
the addition of pristine graphene improves the mechanical performance of the scaffolds. 
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1. INTRODUCTION

With the increasing life expectancy of the population, osteoporotic fractures will have a serious 
economic impact on society and patient’s quality of life. It is estimated that in Europe 179,000 
men and 611,000 women will suffer a hip fracture each year and the cost of all osteoporotic 
fractures in EU will increase from the current 31.7 billion euros to 76.7 billion euros by 2050. The 
problem is worse if we consider also significant bone damage due to accidents and diseases. To 
solve large scale bone damage, bone grafting is required. Bone grafting is a method by which 
bone-deficient areas are built up, with the use of different materials, such as autografts, allografts, 
alloplasts and xenografts. However, limitation exists. Allografts are associated with rejection, 
transmission of diseases and infections from donor to recipient and cost. Allografts and xenografts 
produce poor clinical outcome and the rejection of the graft is more likely and aggressive (Oryan 
et al, 2014). To solve these limitations, scaffolds can be the solution. Tissue engineering scaffolds 
can be used to support the self-healing mechanism of the human body and promote the regrowth of 
damaged tissue. These scaffolds can degrade after successful tissue regeneration minimizing the 
immune reaction and the need for revision surgery (Fiedler et al, 2015). 
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Electro-active scaffolds are important substrates for bone tissue engineering as cells need to be 
stimulated, increasing cell proliferation and differentiation. To produce these scaffolds, we are 
exploring different routes including the use of conductive polymers mixed with non-conductive 
ones, or the use of graphene mixed with non-conductive polymers. This paper investigates the use 
of polycaprolactone/pristine graphene for bone applications. Scaffolds with different material 
compositions are assessed from morphological, mechanical and graphene dispersion point. 

2. MATERIALS AND METHODS

2.1. Materials 

The materials considered in the research are Poly (ε-caprolactone) (PCL) and pristine graphene. 

2.1.1. PCL 

PCL used in the research is Capa 6500 (Perstorp, UK). PCL is a semicrystalline polymer with low 
melting temperature. It has good biocompatibility and biodegradability, which means when the 
scaffold is implanted in the human body, the patient will not reject it and after the healing process, 
the scaffold would disappear being replaced by new bone tissues. The degradation mechanism of 
PCL is characterized by random hydrolysis ester cleavage and weight loss. It has been founded 
that the degradation of PCL with high molecular weight requires 3 years for complete removed 
from the human body (Sun et al, 2006). However, the degradation of the scaffolds strongly 
depends on the molecular weight of PCL, scaffold topology and processing conditions. Relevant 
properties of PCL are listed in Table 1. 

Table 1. Material properties of PCL 
Density 1.146 g/mL at 25 °C 
Melting point 58 – 60oC 
Molecular weight 50000 
Specific heat of vaporization 1KJ/g 
solubility parameter (δ) 9.34 – 9.43 (cal/cm3) 

2.1.2. Pristine graphene 

The graphene used in this work was prepared by a water-assisted liquid phase exfoliation of 
graphite. Briefly, 50 mg graphite microcrystalline powder (-325 mesh, 99.995 % pure) purchased 
from Alfa Aesar was immersed with water-N-methylpyrrolidinone (NMP) mixture with 0.2 mass 
fraction of water. The initial concentration of graphite was fixed at 5 mg mL-1 for exfoliation. N-
methylpyrrolidinone (NMP, 99% extra pure) was purchased from ACORS ORGANICS. The 
materials were batch sonicated for 6 hours in a bath sonicator (Elma sonic P60H) at a fixed 
nominal power and frequency 100 W and 37 kHz respectively. Sample dispersions were hanged on 
for overnight in between sonication and centrifugation and were centrifuged at 3000 rpm for 30 
minutes with Hettich, EBA20. Upper 3/4th of the colloidal supernatant were collected and dried in 
an oven to yield the graphene nanosheets. 

2.2. Scaffold design and fabrication 

A three-dimensional block model (30x30x6 mm3) (Figure 1a) was initially designed in a CAD 
software (SolidWorks, Dassault Systemes). A 0o/90o lay-down pattern was adopted to obtain pores 
with a regular square geometry while maintaining a constant filament distance of 680μm.  
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Scaffold fabrication process was controlled by four processing parameter: melting temperature 
(90oC); slice thickness (220 μm); screw rotation velocity (22 rpm) and deposition velocity (20 
mm/s). 

PCL scaffolds containing different concentrations of graphene were produced using a screw-
assisted additive manufacturing system from RegenHU (3DDiscovery, Switzerland) (Figure 1b 
and 1c). In this process, the material is molten in the liquefier tank and pressed to the barrier screw 
by compressed air. The extruder barrier screw and the material liquefier tank can both be heat up 
to 250°C and thus enable processing a broad range of polymers and polymer-based composite.  

Figure 1. (a) CAD model; (b) PCL scaffold (30mm x 30mm x 6mm); (c) PCL/pristine graphene 
scaffold (30mm x 30mm x 6mm) 

2.3. Characterisation 

2.3.1. Morphological characterization 

Scanning electron microscope (SEM) is used for morphological analysis, namely, to access pore 
shape, pore size and pore interconnectivity. The equipment used was Quanta 200 SEM, which is 
able to achieve 3.0 nm resolution at 30 kV. Its accelerating voltage is between 200 V and 30 kV. 
In this study, all images were taken at 10 KV for high resolution. The software imageJ was used 
for measurement.  

Porosity was evaluated using the following methodology: (1) measuring the weight and volume of 
each scaffold; (2) calculate the apparent density of each scaffolds; (3) applying the following 
equation: 

Porosity = (1-ρ*/ρsub) ×100          (1) 

where ρ* is the apparent density of the cellular structure (scaffold) and ρsub is the density of the 
original substance (ρsub = 1,145 g/cm3).  

2.3.2. Mechanical characterization 

Compression tests were performed to assess the effect of graphene concentration on the 
mechanical properties of scaffolds. Blocks of 5.0mm in length (l), 5.0mm in width (w) and 
5.72mm in height (h0) were considered. All tests were carried out on scaffolds in dry state at a rate 
of 1 mm/min up to a strain limit of 0.3mm/mm (30%), using the INSTRON 4507 testing system 
equipped with a 1kN load cell. During the uni-axial compression tests, the software captured force 
F and corresponding displacement values, which were converted into engineering stress σ and

strain ε as follows: 

A
F

��      (2) 

0h
h�

��      (3) 

(a) (b) (c) 
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where A is the initial sample cross section area and Δh is scaffold height variation. The obtained 
stress–strain data was further processed to determine the compression modulus E according to the 
procedure reported by Fiedler (Fiedler et al, 2015). 

2.3.3. Dispersion analysis 

Ex situ characterization of the graphene dispersion were performed by transmission electron 
microcopy (TEM) and micro Raman. Cold-field emission Cs-corrected TEM (JEOL ARM-200F, 
Japan) with 200 kV accelerating voltage was used.  Carbon-coated copper grids (400 mesh) were 
used in the TEM sample preparation. Raman scattering studies were performed at room 
temperature with a JASCO 5100 spectrometer (λ= 533 nm). 

3. RESULTS AND DISCUSSION

3.1. Morphological characterization 

SEM micrographs (Figure 2) show a well-defined porous structure. It is also possible to observe 
that an increment in pristine graphene concentration from 0% to 0.75% caused the increasing of 
filament diameter from 343±5μm to 379±14μm, resulting in slight decrease in pore size and 
porosity, as shown in Table 2. Figure 3 shows the corresponding variation trends. 

Figure 2. SEM images of scaffolds (top view) produced using different graphene concentration  
(a) 0% wt; (b) 0.25% wt; (c) 0.50% wt; (d) 0.75% wt

Table 2. Morphological characteristics of scaffold structures for different graphene concentration  
Pristine graphene 

concentration (% wt) Filament diameter (μm) Pore size (μm) Weight (g) Porosity (%) 

0 343±5 368±24 3.2778 44.06 
0.25 361±5 366±11 3.3113 43.53 
0.50 367±4 347±13 3.3183 43.41 
0.75 379±14 343±6 3.3130 43.38 

Figure 3. Variation of filament diameter and pore size as a function of pristine graphene 
concentration 
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3.2. Mechanical characterization 

According to mechanical compression tests, the mechanical behavior of scaffolds strongly depends 
on the amount of pristine graphene. Results show that by increasing the concentration of pristine 
graphene from 0.25% to 0.75%, the mechanical properties increased from 80 MPa to around 130 
MPa (Table 3 and Figure 4). Compared to PCL scaffolds, a slightly decrease on the mechanical 
properties was observed for scaffolds containing 0.25% pristine graphene, which can be related to 
the stress concentration in the interface between the polymer and graphene. For this composition, 
this effect superposed the reinforcement effect of pristine graphene. 

Table 3. Mechanical properties of scaffolds for different pristine graphene concentration values 
Pristine graphene concentration (% wt) Compression modulus, E [MPa] 

0 82.198±6.773 
0.25 80.582±3.081 
0.50 109.330±5.334 
0.75 128.742±6.893 

Figure 4. Compression test results for scaffolds containing different pristine graphene 
concentrations 

3.3. Dispersion analysis 

TEM images of pristine graphene (Figure 5a) revealed as-exfoliated graphene with lateral size 
1500–2000 nm and few layer structure. Raman spectroscopic analysis was performed to study the 
exfoliated graphene, PCL and PCL/pristine graphene composite. The exfoliated graphene (Figure 
5b) shows three typical peaks assigned as D, G and 2D bands at 1340, 1577 and 2692 cm-1, 
respectively, which are consistent with previous reports (Hernandez et al, 2008; Bracamonte et al, 
2014). Moreover, the Ramam spectrum of PCL shows several characteristic Raman peaks of PCL 
at 1438 and 2927 cm-1.The Raman spectrum of PCL/pristine graphene composite also exhibits the 
D, G and 2D bands of graphene, indicating the presence of graphene in the PCL/pristine graphene 
scaffolds.  

To further study the dispersion of graphene in PCL matrix, micro Raman mapping was performed. 
Figures 5c and 5d show the SEM and charge-coupled detector images of PCL/pristine graphene 
scaffold for the Raman mapping study. The mapping area is highlighted in red rectangular in 
Figures 5c and 5d. Figure 5e presents the representative Raman two-dimensional mapping of the 
PCL/pristine graphene scaffold sample. The false color maps were generated by scanning a 532 
nm laser beam over an area of 250 × 450 μm2 in 5 μm steps. The mapping intensity indicates the 
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ratio of integrating intensity of 
the G band from 1574 to 1580 
cm-1 for graphene to the
integrating intensity from 1435
to 1441 cm-1 for PCL. Figure 5e
shows uniform distribution of
pristine graphene in the scaffold
sample.

4. CONCLUSIONS

This paper presents the 
morphological and mechanical 
properties of PCL/pristine 
graphene scaffolds containing 
different concentrations of 
graphene. Results indicate that 
the graphene nano flakes are 
well distributed in the PCL 
fibers confirming that the AM 
system considered in this 
research is a viable technique to 
produce electro-active scaffolds. 

The results also show that the addition of pristine graphene has an impact on the topology and 
mechanical properties of the produced scaffolds. 
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