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Abstract

The present study applied a TiO2 nanocoating on a titanium foam substrate produced by powder metallurgy through magnetron
sputtering. Scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and X-ray diffraction (XRD) were em-
ployed to investigate the surface morphologies of the porous specimens and pre- and post-coating phases, respectively. Also, the
growth and proliferation of MG-63 cells (osteoblasts) and their attachment and proliferation on the coated porous titanium speci-
men (relative to the uncoated specimens) were studied using in vitro and methyl thiazol tetrazolium (MTT) cytotoxicity tests. Con-
sidering the porous macrostructure of the coated titanium specimen and the nanostructure of the TiO2 coating on the porous
surface and macro-pore walls, the coated specimen was found to be effective in the biocompatibility improvement of dental and
orthopedic implants.
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1. Background

Since they can resist high loads, metals are employed in
dental and orthopedic implants. Due to its high corrosion
resistance in the body environment, relatively low elas-
ticity modulus, suitable fracture toughness, and a large
strength-to-density, titanium is widely employed in med-
ical applications (1). However, such implants deteriorate
due to their long fixation time, which deprives the bony
socket of loading for a long time. Moreover, since tita-
nium has a higher density and rigidity than the bone, a
harmful load is applied by the implant to the bone, lead-
ing to the loosening or fracture of the implant (2, 3). Re-
searchers have developed several porous metals, such as
titanium foams, for orthopedic implant applications (4).
Porous metals are a new group of materials with unique
properties, such as low density, high strength-to-weight ra-
tios, large specific area, and excellent energy absorption
(5). New porous metals enable bone cells to growth within
pores, improving fixation and accelerating healing (6, 7).
The strength and elasticity modulus of a porous metal-
produced implant can be adjusted based on the target area
(8). Thus, porous metals are a suitable alternative to restore
or replace damaged bones due to their excellent biocom-

patibility and similar stiffness to the bone required for den-
tal and orthopedic replacement applications (9).

Nanostructures control the fate of cells and have been
of great interest to researchers for the improvement of
surface characteristics in the host-implant interface (10).
From this perspective, the application of a nanostructure
on the implant surface increases the interaction of serum
proteins. This may be an appealing strategy to promote
the bone conduction and induction characteristics of an
implant. Although this factor is typically overlooked in
implants, it could play a key role in obtaining desirable
bone functions (11). To improve the properties of the sur-
face in contact with living tissues, metals used in medi-
cal implants require surface treatment (12). The biologi-
cal characteristics of implant surfaces could be improved
by adding materials of desirable properties, changing the
composition, or removing undesirable materials from the
implant surface (13, 14). Since titanium can form an ox-
ide layer on its surface (as with other transition metals), a
thin, regular, and nanostructured oxide layer can be grown
on the surface of a titanium implant using a number of
techniques, such as plasma spraying, electrostatic spray-
ing, pulsed laser, micro-arc oxidation (MRO), sol-gel depo-
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sition, and magnetron sputtering (15). Magnetron sputter-
ing is an ideal titanium coating technique to create a thin
nanostructured biocompatible TiO2 layer. A thin TiO2 layer
with a desirable nanostructure could be created by select-
ing proper deposition parameters (13, 16)

2. Objectives

Many studies have been conducted on the formation
of a thin TiO2 layer on a titanium substrate using vari-
ous techniques. However, thin nanostructured TiO2 layer
formation on a porous titanium substrate has not been
reported. The present study fabricates porous titanium
specimens using powder metallurgy. Then, the porous
substrate is coated with a thin nanostructured TiO2 layer
through magnetron sputtering to explore the effects of the
TiO2 nanocoating of titanium foam on its biological char-
acteristics.

3. Methods

3.1. Fabrication of Specimens

This study was conducted in two stages: 1) fabricat-
ing porous titanium specimens by the powder metallurgy-
space holder process and 2) coating the porous titanium
specimens (i.e., titanium foams) by magnetron sputtering.
Titanium powder (average particle size of 45µm, produced
by Merck) and an acicular space holder (urea, an average
particle size of 500-800 µm, produced by Merck) were
mixed at a pore volume fraction of nearly 50% to fabricate
porous specimens. Then, the metal powder-space holder
mixture was pressed at nearly 120 MPa within a cylindri-
cal steel mold (8 mm of diameter) by a uniaxial hydraulic
cold pressing machine (Khavaran Press Co.). The speci-
mens were heat-treated using a YTF 1800-30X8H tube fur-
nace (Yaran Behgozin Parsa Co.) under vacuum at 2×10-5

Torr to avoid oxidation. Since the powder urea space holder
would evaporate at nearly 176°C, heat treatment to remove
the space holder was implemented at 200°C at a rate of
5°C/min to avoid the abrupt removal of the space holder
and damage to the porous structure. The specimens were
kept at 200°C for 45 min to ensure the complete removal
of the space holder. Heating was performed from 200°C
to 1000°C at a rate of 10°C/min for 1 h. Finally, the speci-
mens were kept at 1000°C for 2 h to ensure complete sin-
tering. To obtain a smooth surface for a uniform coating,
the porous titanium specimens were polished using 600-
2000 sandpaper. Then, they were degreased in an ethanol-
acetone bath, rewashed with distilled water, and dried.

To apply a nanostructured TiO2 coating on the speci-
men surface, a hollow pure titanium cylinder (Yarnikan

Saleh Co.) was placed in the magnetron sputtering ma-
chine (Yarnikan Saleh Co.). The TiO2 coating was applied to
the titanium foam substrate at a DC of 200 mA. The sput-
tering of the specimens was performed at a basic pressure
of 5×10-5 Torr by applying a DC and a 90:10 atmosphere of
argon and oxygen at the operating pressure of 2×10-5 Torr
for 30 min. The Ti atoms were removed from the target sur-
face by the ionized gases and oxidized by reacting to the
O atoms in the atmosphere while depositing. Thus, a TiO2

layer formed on the substrate.
To improve the attachment and uniformity of the coat-

ing, the specimens were subjected to heat treatment at
480°C for 2 h. To avoid thermal stress in the coating, a slow
heating rate of 2°C/min was applied to the secondary heat
treatment.

3.2. Morphology Evaluation

Scanning electron microscopy (SEM) were employed to
examine the pore geometry, coating microstructure, and
cell growth on the specimens before and after coating. The
MIRA 3-XMU SEM machine manufactured by TESCAN Co.
was used.

To obtain high-resolution SEM images, a thin Au layer
was deposited onto the specimens using the sputtering
machine to provide a better current.

3.3. Phase Structure Characterizations

To investigate the phases, X-ray diffraction (XRD) was
employed (EQUINOX 3000 machine, Intel Corporation,
France). The XRD test was carried out at a 2θ of 20-80° and
a scanning rate of 0.02°/s. The tube provided copper Kα
beams with a wavelength of 1.54 Å. The XRD patterns were
plotted and analyzed using X’Pert HighScore Plus.

To evaluate the distribution of elements across the
specimens and the elements and compounds of the
nanocoating, the energy-dispersive spectroscope (EDS) de-
tector on the SEM was employed.

3.4. In vitro Studies

3.4.1. Cell Culture

To determine cytotoxicity, cell proliferation, and cell
morphologies, MG-63 osteoblasts (NCBI C 555) were ob-
tained from the cell bank of the Pasteur Institute of Iran.
Since the cylindrical specimens had a diameter of 8 mm
and a height of 5 mm, a cell culture plate with 24 wells was
employed. Dulbecco’s Modified Eagle’s Medium (DMEM)
was used for cell culture (GIBCO Corporation, Scotland), to
which 10% of fetal bovine serum (FBS) (Seromed Co, Ger-
many) along with 100 IU/ml of penicillin and 100 µg/ml of
streptomycin (Sigma Co., USA) were added. First, 1 ml of
the culture medium was poured into the wells. Then, the
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porous titanium specimens (the coated porous and con-
trol specimens) were placed in the medium. Once the com-
plete submersion of the specimens in the culture medium
and the proper placement of the specimens (to cover the
maximum area on the bottom of the well) had been en-
sured, a total of 104 cells with 1 ml of the prepared culture
medium were added to the wells. A well with no specimen
and the same number of cells was used for negative con-
trol. The osteoblasts were cultured.

3.4.2. Cell Morphology

SEM was used to determine the morphology of the cul-
tured cells on the titanium foams and nanostructured tita-
nium specimens. The specimens with cells were placed in
an incubator at 37°C with a CO2 content of 5% and a relative
humidity of 98%. Once the specimens and cells had been
in contact for 24 h. Cells were stabilized using a 2.5% glu-
taraldehyde solution. The specimens were washed twice
with a 0.2% molar phosphate-buffered saline (PBS) physi-
ological serum. Then, each specimen was placed in a 2-ml
glutaraldehyde solution for 2 h. The specimens were kept
in 2 ml of ethanol solutions with a concentration of 40-95%
for 5 min before they were placed in 100% alcohol for 10
min. The surface moisture of the specimens was measured
in ambient conditions after dewatering.

3.4.3. Cell Survival and Proliferation

To evaluate the toxicity and proliferation of cells, ex-
traction (indirect testing) was carried out. According to
the ISO 10993-12 Standard, the extraction of the specimens
was performed, in which 0.1 ml of the culture medium was
added to the plate per 0.6 cm2 of the specimen surface area.
The specimens were placed within an incubator at a CO2

concentration of 5% and a culture temperature of 37°C for
3 and 7 days. The same volume of the culture medium was
used as the control measure.

The Methyl Thiazol Tetrazolium (MTT) test was carried
out to investigate cell proliferation. A total of 104 cells
were poured into a cell culture plate with 96 cells. Then,
it was kept in an incubator at 37°C for 24 h so that the cells
would attach to the plate bottom. The extract of each spec-
imen was added to the culture well, placing the cells in the
vicinity of the extracts for 3 and 7 days. Then, the culture
medium was removed, adding 100 µl of MTT to each well
at a concentration of 0.5 mg/ml. After four hours, the so-
lution on the cells was removed, adding isopropyl alcohol
(Merck) to dissolve the violet crystals. Then, the concentra-
tion of the dissolved substance in the isopropyl alcohol so-
lution was measured at a wavelength of 545 nm.

3.5. Statistical Analysis

Deviance analysis of data was utilized using analysis of
variance (ANOVA). Statistical analysis was performed using
SPSS. Differences and parameters were considered statisti-
cally at a significance level of P < 0.05.

4. Results and Discussion

4.1. Morphology andMicrostructure

Figure 1 shows the SEM images of porous titanium fab-
ricated by the space holder (urea). As mentioned, the space
holder was acicular and had a size of 500-700µm. The dark
areas represent pores. As can be seen, the pore shapes were
a function of the initial space holder shape. There are two
types of pores: 1) open or interconnected macropores and
2) closed or discrete micropores. Macro-pores arose from
the evaporation of the space holder and have an intercon-
nected structure. The shape, size, and number of macrop-
ores are dependent on the shape, size, and quantity of the
space holder (17). Urea decomposes into water, CO2, and
NH3 when heated (18). The use of urea as the space holder
increases the gas pressure, leading to trapped gas removal
and open and interconnected pores (18).

As can be seen in Figure 2, a nanostructure formed on
and within foam pores after sputtering. A thin deposited
TiO2 coating was deposited uniformly on the porous Ti sub-
strate. The entire porous titanium substrate was coated,
and even a continuous non-cracked coat formed within the
substrate pores. It should be noted that the specimens
cooled down at the plate temperature after deposition to
avoid possible thermal stresses (13).

The titanium foam surface and the inner surface the
pores represent a nanostructured TiO2 coating. Consider-
ing the nanostructured rough surface, this topography can
play a key role in the bioactive behavior of the titanium
foam since surface roughness and porosity are essential
properties that significantly influence the performance of
implants (19). Pores are important in the sense that they
affect the specific surface area in contact with the body en-
vironment and physicochemical interactions in the host-
implant interface (15). Moreover, sufficient porosity on
the surface transmits nutrients and metabolic substances,
controls biological performance, and enables cell prolifer-
ation (12). As a result, the surface treatment and coating of
implants are performed to create a porous, rough surface.

4.2. Energy-Dispersive X-Ray Spectroscopy Evaluation

Figure 3 depicts the energy-dispersive X-ray spec-
troscopy (EDS) results of porous titanium and the nanos-
tructured TiO2 coating on the porous titanium surface.
As can be seen, no unwanted transmission element was
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Figure 1. SEM image of the specimens fabricated by acicular urea space holder with a 500-µm magnification
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Figure 2. FESEM images of the surface and inside of the sputtering-coated titanium foam; (a) a macropore with a magnification of 500 µm, (b) inside a macropore with a
magnification of 1 µm, and (c) and (d) titanium foam surface with a magnification of 200 µm
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found in the structure after fabricating porous titanium
through powder metallurgy and coating. Considering that
the specimens were not oxidized during sintering, higher
mechanical properties than scaffolds would be obtained
since a powder is better sintered and provides greater me-
chanical properties (20).

According to Figure 3, the elements of the surface in-
cluded Ti and O. This suggests a TiO2 layer on the porous
titanium surface after the sputtering process.

4.3. Phase Analysis

TiO2 has three major phases: 1) anatase, 2) rutile, and
3) brookite. The formation of these three structures is
strongly dependent on the temperature (21). Anatase has
been reported to begin forming at nearly 300°C. The for-
mation completes once the temperature rises to 600°C
(21). A further rise in the temperature creates rutile. Thus,
the crystalline structure of the surface oxide could in-
clude anatase, rutile, or combined anatase-rutile phases,
depending on the heat treatment temperature. However,
the formation temperature is dependent on a number of
factors, such as the fabrication technique and particle size
(21).

Figure 4 plots the XRD patterns of the titanium foam
surface and TiO2-coated titanium surface. As can be seen,
the XRD pattern of the coated surface shows peaks for the
titanium substrate and TiO2 layer with a crystalline anatase
phase. Since reactions occur at high rates in sputter-
ing, sputtered surface oxide structures are typically amor-
phous (22). Such structures become crystalline at nearly
300°C. The present study subjected the sputtered surface
oxide layer to heat treatment at 480°C for 2 h. According
to Figure 4 (b), at 1/2θ = 25°, the amorphous phase trans-
formed into a crystalline anatase phase at this tempera-
ture. A number of studies reported that anatase is more
beneficial than rutile for bone growth since it has higher
lattice consistency with hydroxyapatite (23).

4.4. Cell Attachment andMorphology

Figure 5 depicts the SEM-obtained attachment, prolif-
eration, and morphology of MG-63 cells on the specimens
within a time interval of 24 h after the culture. As can be
seen, the cells highly propagated on the surfaces of both
coated and uncoated specimens and adhered to the sub-
strate by attachment protein secretion. However, the pro-
liferation and attachment of cells on the coated surface
were found to be much higher than on the uncoated spec-
imen. The proliferation of cells on the coated surface sig-
nificantly covered the entire surface through pseudopods,
while there are areas without cells on the uncoated tita-
nium foam. This suggests that the coating increased the

biocompatibility of the substrate (24). Roughness and
high surface area provided by the nanostructured coated
specimens suggest applicable states for interlocking with
bone cells and enhance the bone fixation with the implant
(21). Nanostructures offer more appropriate sites com-
pared to pores and surfaces without nanostructure. These
nanostructure coatings will increase the adhesion sites to
the integrins, adsorb proteins, and facilitate identification
of the absorbed proteins on the surface by the integrins
(19). These results confirm that nanostructure coatings as
a nanoarchitecture parameter plays a crucial role in stages
of cell attachment and growth in porous Ti scaffolds.

4.5. Cytotoxicity and Biocompatibility Study

The MTT test was performed to quantify the prolifera-
tion of cells on the uncoated and coated surfaces. Figure
6 compares cell survival between the specimens in time
intervals of 3 and 7 days after the culture. The MTT re-
sults indicated cell growth and proliferation on the sur-
faces. As can be seen, the survival of MG-63 cells increased
from 101.87% on the uncoated surface to 109.27% on the
nanostructured TiO2-coated surface on day 7. The increase
in cell viability of the TiO2-coated specimen compared to
the uncoated surface and control samples was significant
(P < 0.05). Thus, a thin nanostructured TiO2 coating imple-
mented by magnetron sputtering can be used to effectively
coat orthopedic implants. This proper behavior could be
attributed to a) nanostructured TiO2 thin layer which is
like nanosized human tissues, and b) fully porous struc-
ture that provides high specific surface (11).

5. Conclusions

The present study fabricated titanium foam using pow-
der metallurgy and urea as the space holder. A nanostruc-
tured thin TiO2 layer was employed to coat the titanium
substrate using magnetron sputtering. A non-cracked,
continuous, and uniform coating formed on both the foam
surface and on the inner walls of macropores. The TiO2

coating has a nano-scale structure, and no unwanted com-
pounds formed with TiO2. The in vitro results indicated
that the cells cultured on the coated surface had higher
proliferation and induced more pseudopods than those
cultured on the uncoated surface. The quantitative inves-
tigation of cell proliferation demonstrated that the coat-
ing enhanced cell proliferation. The improved biocom-
patibility, attachment, and growth, and proliferation of
osteoblasts on the TiO2-coated surface demonstrated that
TiO2 coatings could be an efficient and effective method in
bone implant applications.
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Figure 3. EDS results of the porous titanium surface (a) before and (b) after coating with nanostructured TiO2 through sputtering
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Figure 4. XRD pattern of the (a) uncoated and (b) coated porous titanium surface
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Figure 5. FESEM images of MG-63 cells on (a) uncoated and (b) coated surfaces

Figure 6. Activity/proliferation of MG-63 cells on the control, coated, and uncoated titanium surfaces
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