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Abstract This study aims to prepare a novel porous
titanium (Ti) scaffold in order to improve the biocompat-
ibility of the metallic implants. Porous Ti was produced by
a Liquid foaming method and subsequent chemical treat-
ments. It was found that the scaffold had three-dimen-
sionally hierarchical porous structures with pore size
ranging from nanometer to micrometer scale, and it also
had activated surface. Mechanical test results showed that
the scaffold also has sufficient compressive strength to
meet the requirements of implantation. Protein adsorption
results indicated that the novel scaffolds significantly
enhanced the protein adsorption.

1 Introduction

With excellent mechanical properties, biocompatibility and
good corrosion resistance, Ti and Ti alloy have already
become the first-selected material for medical use such as
artificial joints, bone trauma products and so on [1-5].
However, a large number of clinical studies found that as a
result of the mismatch of elastic modulus between autog-
enous bone and Ti, the load can not be delivered to the
adjacent bone tissue from the implants, which is called
“stress shielding” [6]. This has become the biggest
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obstacle to constraint the application of Ti implant.
Therefore, it is necessary to reduce the elastic modulus of
Ti to increase its bio-mechanical compatibility and to
modify its surface to enhance the biological activity.

Medical porous Ti was developed due to its ability to
allow biological tissue growing into the pores to improve
the mechanical fixation, which requires sufficient porosity,
pore size and necessary mechanical properties. The struc-
ture of pores in biomaterial scaffolds plays a critical role
in bone formation in vitro and in vivo. For most of
these scaffolds, 3D interconnected and hierarchical porous
structure is desirable in order to optimize the activity of the
surface and to promote tissue regeneration and reconstruc-
tion [7-16]. Liquid foaming method was commonly used in
the preparation of porous ceramics, however, report on the
preparation of porous metal by this method has rarely been
seen. In this paper, porous Ti scaffolds with 3D hierarchical
porous structure and activated surface was produced by
Liquid foaming method, and the purpose of our study was to
obtain a more biocompatible implant surface.

2 Materials and methods
2.1 Liquid foaming

Commercial pure Ti powders with average diameter of
38 um were supplied by Bangzheng Titanium Co. Ltd.,
Shangxi, China. Elemental composition of Ti powders was
shown in Table 1. Carboxymethyl cellulose sodium
(CMC), Sodium hexametaphosphate (SHMP) and hydro-
gen peroxide (H,O,) were used as the binder, dispersant
and foaming agent, respectively. All the reagents were of
analytical grade. Ti powders were dispersed into H,O,
solution containing CMC and SHMP. Then, the mixture
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Table 1 Elemental composition of Ti powders

Elemental C Ti

Si Cl Al Fe

Content (%) 0.023 99.3 0.011 0.19

0.017 0.024 0.084 0.41 0.096

was stirred at room temperature for 1 h to form homoge-
neous Ti slurry. Subsequently, the obtained slurry was
poured into molds, dried in 40-60°C for 3 h, and sintered
at 1300°C for 3 h in the vacuum sintering furnace.

2.2 Chemical treatment

The obtained Ti scaffolds were subsequently immersed in a
mixed acid of 48% (volume ratio) H,SO, and 18% HCL
for 30 min and in 6 M aqueous NaOH solution at 70°C for
6 h. After acid-alkali treatment, the samples were washed
with distilled water and dried at 40°C for 24 h in an air
atmosphere. The preparation process of porous Ti scaffolds
was shown in Fig. 1.

2.3 Characterization

Total porosity (P) was measured by gravimetry according
to the following equation

P=1— Pscaffold

Pmaterial

where pmaterial 18 the density of the material of which the
scaffold is fabricated and pgcafro14 1S the apparent density of
porous titanium measured by dividing the weight by the
volume of the samples. pscarrora Was determined by mea-
suring the physical dimensions and mass of the samples.

Scanning electron microscopy (SEM) (Quanta 200, FEI,
The Netherlands) equipped with an Everhart-Thornley SE-
detector and energy dispersive spectrometer (EDS) was
used to examine the morphology and elemental composi-
tion of the porous Ti scaffolds after sintering. The samples
were coated with a gold film before SEM observation at an
accelerating voltage of 20 kV.

The X-ray diffraction patterns were obtained using a thin
film X-ray diffractometer (TF-XRD) (X’pert pro-MPD,
PANalytical, The Netherlands). The TF-XRD measure-
ments were performed on a stage using a Cu-Ko (wave-
length = 1.54056 10\) X-ray source and the angle 20 was
varied from 20° to 50° at a step rate of 0.03° per second.
Database of PDF2004 was used in X-ray diffraction anal-
ysis and the monocrystalline silicon was used as an internal
standard to calibrate the diffraction angle.

Compression tests were performed using an Instron
mechanical testing machine (Instron5567, Instron Litd.,
USA) with a loading rate of 1 mm/min at room tempera-
ture. Six cylindrical samples with diameters of 7 mm and
the length of 14 mm were tested to obtain the average
value. Young’s modulus could be calculated as the slope of
the straight-line portion of the stress—strain curve.

2.4 Protein adsorption

Bovine serum albumin (BSA) is the most abundant protein
in serum, and it has an important role in bio-mineralization
and cell response. Bovine serum albumin with the purity of
more than 98% (Amresco-0332, Amresco Ltd., USA) was
selected for protein adsorption experiment. In order to
maintain a balance of PH value, protein solution was pre-
pared in phosphate buffer saline (PBS). The PBS was
prepared by dissolving 8 g NaCl, 0.2 g KCI, 024 g
KH,PO, and 1.44 g Na,HPO, in 0.9 L distilled water,
adding HCI to adjust pH and topping up to 1 1. Porous Ti
scaffolds before (PT) and after chemical treatment (SPT)
were immerged in BSA/PBS solution (1 mg/ml, pH = 7.4)
at 37°C. One milliliter of BSA solution was taken out after
0.5, 1, 2, 4, 8, 16 and 24 h, respectively. According to
Lambert—Beer law, the absorbance of a solution is directly
proportional to its concentration at a given wavelength of
light. The absorbance of BSA solution at different time
points was measured at 280 nm wavelength by UV spec-
trophotometer (UV-2550, Shimadzu, Japan). The concen-
tration was obtained using a standard curve from known
concentrations of BSA solutions, and the curves of
adsorption quantity-time were plotted. Three samples were
measured per time point to get the average value.

3 Results and discussion
3.1 Porous structure
Porous Ti scaffold prepared by liquid foaming method is

shown in Fig. 2a. The scaffold has interconnected pore
structure and high porosity of 76%. Figure 2b shows the

Commercial
pure Ti powder

Sintering at 1300°C in

E> Foaming at 40-
vacuum atmosphere

60 °C for 3h

Treating with H2SO4+

E> Porous Ti with hierarchical
HCL and 6M NaOH

porous structure

Fig. 1 Processing steps for fabricating porous Ti scaffold
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Fig. 2 Porous Ti scaffold with 76% porosity prepared by liquid
foaming method and EDS results of the samples

EDS results. It can be seen that nearly all the vesicants
disappeared after sintering, which will ensure the safety of
porous Ti after been implanted. Compared with other
techniques, the liquid foaming process is more attractive
because it is easy to operate, non pressure-treated and do
not need other complex equipment. Moreover, this method
can also prepare porous Ti with high porosity and 3D
interconnected pore structure.

In order to obtain hierarchical porous structure, chemi-
cal methods are used to treat the porous Ti. Scanning
electron microscopy observations of porous Ti after
chemical treatment are presented in Fig. 3. There are three
kinds of pores in this Ti scaffolds: macropores with pore
size larger than 100 pm (Fig. 3a), micropores about 10 pm
(Fig. 3b) and network-like nanopores (Fig. 3c—d). Mac-
ropores and micropores were obtained after sintering, while
nanopores were produced by chemical treatment. In addi-
tion, chemical treatment also changed the relative density
of the material from 0.24 to 0.19. Because of nutrients
supply and vasculariziation, pore size has been shown to
affect the progression of osteogenesis. Macropores in the
range of 100—400 pm can promote the ingrowth of bone
and blood vessels, while micropores are favorable for

nutrients transmission and osteochondral formation before
osteogenesis. As for nanopores, they are conducive to the
adhesion of cells because of its increased surface area
energy. Vassilis and others studies [17] have also shown
that the minimum requirement for pore size is considered
to be ~ 100 um due to cell size, migration requirements
and transport. However, pore sizes above 300 um are
recommended, due to the enhanced new bone formation
and the formation of capillaries. Gradients in pore sizes are
recommended on the formation of multiple tissues and
tissue interfaces. Porous Ti scaffolds with 3D hierarchical
porous structures prepared in this study are expected to
meet the requirements of specificity of bone repair needs.

3.2 XRD results

As can be seen from Fig. 3c—d, a lot of white network-like
sediments were generated on the surface of Ti scaffold
after sintering and chemical treatment. X-ray analysis
results (see in Fig. 4) show that the main ingredients of the
sediments are Sodium titanate (Na,TisO;;) and Rutile
(TiO,). Some chemical and thermal treatments have been
developed and tested in order to modify the composition
and morphology of surface layers, thereby lead to a mod-
erate bioactive behavior. In this work, we have chosen
acid-alkali approach to treat the porous Ti scaffolds, for it
can not only get graded porous structure, but also activate
the surface of porous Ti. The erosion of hydrochloric acid
and sulfuric acid further increase the roughness and surface
area, while alkali treatment generate porous oxide layer in
the surface of materials. Usually, the formation of bone-
like apatite on the surface is regarded as a sign of better
biological activity of materials. Some studies [18] have
also showed that TiO, layers on the surface can promote
the deposition of bone-like apatite by ion-exchange with
body fluids. In addition, the oxide layer formed on the
surface of Ti scaffold in physiological environments could
limit ion release, which ensures bio-safety.

3.3 Mechanical properties

The mechanical test result, which is shown in Fig. 5,
indicates that the compressive strength and Young’s
modulus of the porous Ti scaffold were 23.6 & 3.4 MPa
and 2.1 £ 0.5 GPa, respectively. Bone regeneration
requires materials to be capable of providing mechanical
and chemical signals in order to promote biomineraliza-
tion. Traditional inert biomaterials that illicit a minimal
immune response were considered ideal for implants,
however, these materials often do not match the mechan-
ical needs of the implant site, or are subject to fibrous
encapsulation over time, leading to implant failure[19-21].
It can be observed that the compressive strength of porous
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Fig. 3 Three kinds of pores in the Ti scaffold with hierarchical porous structure after sintering plus chemical treatment. a macropores,

b micropores, ¢ nanopores and d higher amplification pictures of (c)

1800 -
B Titanium

1600 )
| e Rutile

1400 . .

| A Sodium Titanate
1200 4
1000
800

600 +

|}
315 ‘

Intensity/Counts

e 2
0 M»MMM w
0 T T T T T T T T T
20 25 30 40 45 50

26/(°)

Fig. 4 XRD patterns of porous Ti scaffolds a before and b after
chemical treatment

Ti scaffolds is higher than other types of scaffolds, such as
hydroxyapatite (HA) and poly (r-lactide-co-p,L-lactide)
scaffolds [22], and this value for the porous Ti scaffold is
very similar to that of the cancellous bone [23].This is a
very relevant result in terms of load transfer to bone since it
should minimize the stress shielding effect.
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compression
3.4 Protein adsorption

The curves of BSA protein concentration over time are
shown in Fig. 6. Two samples have the same trend. In the
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Fig. 6 BSA concentrations with time when the scaffolds immersed in
BSA solution. (PT before chemical treatment; SPT after chemical
treatment)

initial, the protein concentration declines rapidly, and then
drops down until it reaches dynamic equilibrium gradually.
In addition, the protein adsorption of SPT samples is higher
than that of PT samples.

Possible reasons are as follows. Protein adsorption is a
complex process which is related with surface chemical
composition, morphology, wettability, surface group and
so on. When the acid-alkali treated samples immersed in
BSA solution, ion-exchange began between Sodium Tita-
nate and water. Na™ was replaced by H;O™, soon after a
large number of Ti—-OH groups formed on the surface of
the samples. Then, the negatively charged Ti—-OH groups
adsorbed the positively charged ions of proteins through
electrostatic in order to achieve the adsorption of proteins
on the surface of materials.

Furthermore, porous Ti scaffold after chemical treat-
ment provide more total surface area for protein adsorption
due to network-like nanopores exposed on the surfaces of
pore walls. Others studies [24-26] have shown that high
capacity of protein adsorption is an important property of a
scaffold in application. The more the protein is adsorbed in
a scaffold, the more cells can attach to it and survive during
the initial culture period.

4 Conclusions

Porous Ti scaffold with 3D hierarchical porous structure
and sufficient compressive strength was successfully pre-
pared by Liquid foaming method followed by acid-alkali
treatment. Chemical treatment can not only get nano-hole
mesh, but also activate the surface of Ti scaffold. The novel
porous Ti scaffold with morphological and mechanical

properties is potentially to be used to meet the requirement
of bone repair.
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