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Abstract: Tissue engineering approaches have been adopted to address challenges in osteochondral tissue regeneration. 
Single phase scaffolds, which consist of only one single material throughout the whole structure, have been used exten-
sively in these tissue engineering approaches. However, a single phase scaffold is insufficient in providing all the prop-
erties required for regeneration and repair of osteochondral defects. Biphasic scaffolds with two distinct phases of tita-
nium/type 1 c ollagen and titanium-tantalum/type 1 collagen were developed for the first time using selective laser 
melting and collagen infiltration. Observation of the biphasic scaffolds demonstrated continuous interface between the 
two phases and mechanical characterization of the metallic scaffolds support the feasibility of the newly developed 
scaffolds for tissue engineering in osteochondral defects. 
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1. Introduction 

steochondral defects refers to any damage in 
the articular cartilage and underlying bone.  
These can be caused by either trauma related 

injuries or natural degradation. In 2008, over 59 million 
people in America and European Union was estimated 
to suffer from osteoarthritis which may leads to os-
teochondral defects[1]. Osteochondral tissue regenera-
tion remains clinical challenging due to its multi-
layered structure comprised of multiple tissue seg-
ments involving cartilage, bone and the cartilage-bone 
interface[2, 3]. In the last decade, several tissue engi-
neering approaches have been developed to address 
this clinical challenge. The aim of tissue engineering is  

to regenerate functional tissue by combining three key 
factors, namely, scaffold, functional cells and bioactive 
molecules such as growth factors[4-6]. Scaffolds, being 
critical for osteochondral regeneration, should have a 
rigid osseous structure. This requirement demands 
good mechanical strength and a porous phase to allow 
seeding, migrating and extracellular matrix (ECM) 
remodeling of cells[7, 8].  

Additive manufacturing, or 3D printing, presents 
new opportunities in fabrication of design-dependent 
scaffolds tailored for maximum osteochondral rege-
neration. Scaffolds fabrication using different mate-
rials have been demonstrated, including polymers[9-11], 
metals[12-16] and ceramics[17]. In particular, selective 
laser melting (SLM) is a powder bed fusion additive  
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manufacturing technique that fuses metal powders to 
form functionally parts directly. It uses laser power 
source to fabricated parts based on computer aided 
design (CAD) files[15, 18-23]. There are many new re-
search opportunities that emerges due to the capability 
of SLM in producing parts with complex geometry. 
One of such areas includes the fabrication of metallic 
porous structures with controlled porosity and varying 
designs[12, 14, 16, 24-26]. The interest in this field has also 
fueled focus on the use of biocompatible materials in 
SLM. Among them, titanium alloys are of special in-
terest due to their excellent properties. Many studies 
done on SLM produced titanium alloys such as 
Ti6Al4V[13, 15, 27-30] and Ti6Al7Nb[16, 31, 32]. The studies 
have proven their superior properties for biomedical 
applications. Titanium-tantalum (TiTa) formation by 
SLM has recently been studied[33] and it has the po-
tential to outperform Ti6Al4V and commercially pure 
titanium (cpTi) due to its higher strength to modulus 
ratio and better biocompatibility[34, 35].  

Despite the advantages titanium alloys provide, a 
single phase scaffold alone cannot meet the complex 
functional demands of bone and cartilage tissues as 
these have wide differences in their chemical, struc-
tural and mechanical properties[36]. Biphasic scaffolds 
provide the solution by allowing the composition ra-
tio between the two phases to be tailored and altered 
to cater to individuals and for specific applications. 
Such biphasic scaffolds have a rigid osseous phase to 
integrate with the native bone and a porous chondral 
phase to allow the seeding and proliferation of cells[37]. 
Zhao et al.[38] prepared porous PLGA/titanium biph-
asic scaffold and evaluated the mechanical properties, 
microstructure and interface. The analysis showed that 
the scaffold has good overall integrity and stable in-
terface. Nover et al.[39] recently fabricated an osteo-
chondral grafts that consists of bone-like porous tita-
nium and a chondrocyte-seeded hydrogel. The porous 
titanium is made using SLM with cpTi, and together 
with the hydrogel, it is able to support robust cartilage 
growth. As one of the essential component of ECM, 
type 1 collagen has been widely used as tissue scaf-
fold material[40]. It is biocompatible and provides fa-
vorable cellular micro-environment to induce chon-
drogenesis of mesenchymal stem cells (MSCs) in vivo. 
For example, collagen-glycosaminoglycan phosph-
ate biphasic scaffold were evaluated in caprine femor-
al condyle and lateral trochlear sulcus osteochondral 
defects model. After 26 weeks of implantation, both 
scaffolds provide indications of structural repair[41]. 

In this paper, SLM is used to fabricate cpTi and Ti-
Ta metallic porous structures using a unit cell design 
that has been proven to be suitable for fabrication us-
ing SLM. CpTi is used as a benchmark material for 
this method of forming biphasic scaffolds as the me-
chanical properties of these two materials have been 
evaluated previously[33]. The novel biphasic scaffolds 
constructs formed using the metallic porous structures 
and type 1 collagen is studied for the first time to in-
vestigate the interface between these materials and 
type 1 collagen. 

2. Experimental details 

2.1 Scaffolds design 

Design concept of the scaffolds mimics the nature, 
which involved a porous cpTi or TiTa scaffold base to 
mimics the osseous bone structure’s mechanical stre-
ngth and a type 1 collagen phase as the cartilage phase. 
The titanium scaffolds are designed using cubic unit 
cells of 1 mm × 1 mm × 1 mm, as shown in Figure 1. 

The unit cell is designed such that the fabricated 
scaffolds have a porosity of 80.3% with square struts 
of 0.285 mm and square pore size of 0.715 mm. The 
fully infiltrated collagen matrix provides micro-en-
vironment for cells attachment, migration, prolifera-
tion and nutrient transportation. In future study, cells 
can be encapsulated directly into collagen matrix. 

2.2 Biphasic scaffolds formation 

All the scaffolds were fabricated using a SLM 250HL 
machine (SLM Solutions Group AG, Germany). The 
SLM machine uses a fiber laser with Gaussian beam 
profile and maximum power of 400 W. The laser has 
spot size of 80 μm. To prevent oxidation and degrada-
tion of materials, all processing occurred in an argon 
environment with less than 0.05% oxygen[18]. The de-
tailed characteristics of cpTi and TiTa powders 
have been described previously[33]. In this work, iden-
tical processing parameters are used for TiTa and cpTi, 
and is shown in Table 1.  

For the hydrogel portion, 2 mg/ml collagen were 
prepared according to the manufacturer’s instruction. 
Briefly, the required volume of collagen was neutra-
lized with 1 M NaOH in PBS. The biphasic scaffolds 
were prepared by immersing the scaffolds in de- 
gassed collagen solution while shaking gently. Excess 
collagen solution was removed before gelling at 37 °C. 
A summary of the process is shown in Figure 2. 
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Figure 1. Design concept for biphasic scaffolds 
 

Table 1. SLM processing parameters 

Processing Parameters 

Laser Power (W) 100 

Laser Scan Speed (mm/s) 500 

Hatch Spacing (mm) 0.120 

Layer thickness (µm) 30 
 

2.3 Scaffold characterization 

2.3.1 Scanning Electron Microscopy 

The biphasic scaffolds are characterized using scan-

ning electron microscopy (SEM), using a s canning 
electron microscope (JEOL JSM-5600LV, Japan). Sca-
ffolds were frozen at −20 °C for two days and lyophi-
lized. All samples were gold-sputtered at 18 mA for 
10 sec. Images were taken at an accelerating voltage 
of 10 kV under high vacuum. 

2.3.2 Micro-CT evaluation 

The biphasic scaffolds are imaged by microcomputed 
tomography (µCT) to visualize the internal structures, 
and the interface between the type 1 collagen and 
metal scaffolds. Scans were performed using X-ray 

 

 
 

Figure 2. Process flowchart for fabrication of biphasic scaffolds 
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Imaging Machine (FeinFocus 160.25, United States) 
at 70 kV and 20 µA with resolution of approximately 
15 µm. Three-dimensional renderings and projection 
planes were made using VGStudio Max software 
(Volume Graphics GmbH, Germany). 

2.3.3 Mechanical characterization 

To obtain the compressive properties, the SLM fabri-
cated lattice cubic samples of designed dimensions of 
10 mm × 1 0 mm × 1 0 mm was tested with 3 repli-
cates, by using Instron Static Tester Series 5569 (In-
stron, United States) using test conditions recom-
mended by ISO 13314-2011. The tester is equipped 
with a 50 kN load cell. The compression tests were 
carried out at room temperature (25 °C). The loading 
speed was set at 0.6 mm/min for all samples so as to 
maintain a constant strain rate. This is to minimize the 
effects of different strain rates in titanium[42-44].   

The compression tests were carried out until the 
samples were fully deformed axially or when the ma-
ximum load of 50 kN was reached, whichever came 
first. The stress-strain curves, yield strengths and elas-
tic constants in compression of the as-fabricated sam-
ples were then obtained from the compression tests. 

3. Results and Discussion 

The fabrication of titanium based scaffolds using SLM 
has the potential to be a technique for the repair and 
regeneration of bone via tissue engineering. A skeletal 
reconstruction scaffolds must have the mechanical 
properties that can support in vivo loads, promote tis-
sue in-growth and be biocompatible.  

Micro-CT technique was used to visualize nonde-
structively the infiltration of type 1 collagen in to the 
scaffolds, as shown in Figure 3A and Figure 3B. 
The actual porosity of the cpTi and TiTa scaffolds are 
59.86 ± 0.59% and 59.79 ± 0.68%, respectively. In 
order to further study the interface between the type 1 
collagen and commercial pure titanium or TiTa, SEM 
was used. Continuous interface was found to ex-
ist between the type 1 collagen and metal scaffolds. As 
shown in Figure 3, the type 1 collagen infiltrated the 
pores of the metal scaffolds without any significant 
impedance. 

From the SEM images (Figure 3C and Figure 3D), 
it can be observed that the surface of commercially 
pure titanium and TiTa scaffolds were rough due to the 
SLM powder fusion process which can results in 
powder adhesions on the scaffolds[14]. The top colla-
gen layer was between 200 µm and 500 µm. Infiltra-

tion of collagen into the scaffolds was also evident 
where the type 1 collagen acts as coating over the 
metal phase of the scaffolds. With type 1 collagen 
coating, the metallic scaffolds can have enhanced bi-
ological response.  

The resulting compression elastic constant and 
yield strength of the as-fabricated lattice structures are 
shown in Table 2. The gradient of the straight-line 
portion of the stress-strain curve is established to de-
fine the elastic constant and the yield strength is taken 
as the stress at plastic compressive strain of 0.2%. The 
standard deviation in the elastic constant and yield 
strength may be due to the laser power fluctuations 
during SLM resulting in varying amount of powder 
adhesion on the struts. This in turn affects the com-
pressive properties of the lattice structures. 

The resulting elastic constants of both TiTa and 
cpTi scaffolds are comparable to that of human bones 
which have wide range of elastic constants, for exam-
ple, from 1.0 to 25.0 GPa[45, 46]. This shows that with 
careful design, TiTa and cpTi can serve as load bear-
ing implants while avoiding the adverse “stress shiel-
ding” effect[47]. 

The biphasic scaffolds formed are advantageous for 
several reasons. Firstly, they can be designed to fit 
patient specifically using medical imaging such as 
X-ray. Secondly, they can be designed to cater to spe-
cific properties required in different bone regions. 
Thirdly, the biphasic components can function sepa-
rately, the hydrogel component can regulate cell dif-
ferentiation and growth, while promoting bone rege-
neration and vasculature. The SLM produced scaffold 
component can act as structural reinforcement and 
provide the mechanical strength required during the 
healing process.  
 

Table 2. Compressive properties of S LM produced TiTa and 
commercially pure titanium samples (n = 5). 

Material Elastic constant 
(GPa) 

Yield strength  
(MPa) 

Strength to elastic 
constant ratio 

TiTa 4.57 ± 0.09 151.93 ± 8.47 3.32 × 10−2 

cpTi 4.29 ± 0.15 121.20 ± 3.67 2.83 × 10−2 
 

4. Conclusion 

Biphasic scaffolds provide bone-like mechanical prop-
erties while having the potential to support cartilage 
growth. The SLM technique offers control over the 
micro-scale complex design of the bone phase which 
can be fabricated using biocompatible metals. In this  
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Figure 3. Micro-CT images of biphasic scaffolds (A) cpTi (B) TiTa, and SEM images of (C) cpTi and (D) TiTa, showing infiltration of 
Type 1 collagen into the pores 
 

 

study, the feasibility of forming cpTi-collagen and 
TiTa-collagen biphasic scaffolds has been shown. Fu-
ture studies will aim to optimize the designs and 
evaluation with in vitro cell culture experiment will be 
carried out. It is anticipated that scaffolds can be tai-
lored to better suit the biochemical and mechanical 
requirements for osteochondral tissue regeneration. 
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