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Abstract
Highly rough and porous commercially pure titanium coatings have been directly produced for first time by the cold spray
technology, which is a promising technology in front of the vacuum plasma spray for oxygen sensitive materials. The
wettability properties as well as the biocompatibility evaluation have been compared to a simply sand blasted Ti6Al4V alloy
substrate. Surface topographies were analysed using confocal microscopy. Next, osteoblast morphology (Phalloidin
staining), proliferation (MTS assay), and differentiation (alkaline phosphatase activity) were examined along 1, 7 and
14 days of cell culture on the different surfaces. Finally, mineralization by alizarin red staining was quantified at 28 days of
cell culture. The contact angle values showed an increased hydrophilic behaviour on the as-sprayed surface with a good
correlation to the biological response. A higher cell viability, proliferation and differentiation were obtained for highly rough
commercial pure titanium coatings in comparison with sand blasted substrates. Cell morphology was similar in all coatings
tested; at 14 days both samples showed extended filopodia. A higher amount of calcium-rich deposits was detected on highly
rough surfaces. In summary, in-vitro results showed an increase of biological properties when surface roughness increases.

Graphical abstract

1 Introduction

Titanium and titanium alloys require a surface treatment in
order to become bioactive and thus, being osteoproductive
materials [1]. In this way, the formation of a fibrous soft
tissue capsule can be avoided, enabling better biomecha-
nical fixation [2]. Therefore, the implant surface is a key
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role which has been addressed by many authors and still
attracts the interest day by day with the aim to enhance
osseointegration and promote faster fixation. The causes of
prosthetic loosening can be as a result of foreign-body
reaction to wear particles and early prosthetic instability, as
well as bone resorption and subsequent clinical loosing and
inadequate interlock [3, 4].

The titanium surface modification can involve topo-
graphy as well as compositional changes, thus modifying
the wettability performance and the final biological prop-
erties [5–7]. Mekayarajjananonth actually reported a num-
ber of studies supporting the relationship among surface
factors, including surface preparation, roughness, surface
energy, contact angle values, and cell adhesion to bioma-
terial surfaces (Fig. 1) [8].

It is reported that implant surface roughness plays a role
in determining phenotypic expression of cells in vivo [9];
the cell adhesion (≤24 h) depended on the available surface
area [10]. Many authors have compared several of the
existing titanium surface treatments for the assessment of
in vitro performance [11–13]. Le Guehennec et al. [11]
compared the biological response of several surfaces with
different properties (mirror-polished, alumina grit blasted,
biphasic calcium phosphate ceramic grit blasted and a
commercially available implant surface (SLA). It was
shown that osteoblastic cell attachment, spread, and pro-
liferation were initially (4 days of culture) more rapid on
smooth surfaces than on rough surfaces (Ra= 2.5 µm);
however it turns out at 15 days of culture with a higher
proliferation in the rough surfaces. Osteoblast differentia-
tion was higher in rough surfaces along the cell culture.
Moreover, smooth Ti and plastic substrates with similar
hydrophilicity and roughness showed different viability,
probably due to surface charge and composition that affect

protein adsorption. Also, surfaces with comparable rough-
ness showed different cell adhesion and proliferation
because of their hydrophilicities.

The perfect surface roughness is the one that combines
micro-/submicro-scale roughnesses. Rolando et al. [14]
developed a simple oxidation treatment for generating
controlled nanoscale topographies on Ti surfaces, while
retaining the starting micro-/submicro-scale roughness. The
introduction of such nanoscale structures in combination
with micro-/submicro-scale roughness improves osteoblast
differentiation and local factor production which, in turn,
indicates the potential for improved implant osseointegra-
tion in vivo [15]. During this last decade, there has been
quite interest in the study of anodized surfaces for inducing
nanotexturing surfaces [16].

A new direction of material development has been taken
in the research of rough/porous coating surfaces for
improving biological properties of hip prosthesis [17].
Rough and porous surfaces have emerged as versatile bio-
materials for enhancing fixation to bone being suitable for
hip and knee replacements [18]. Actual prosthetic femoral
implants are even designed with different distinct zones,
each zone having its own roughened surface creating a
tripartite differential porosity [19].

Up to date, there is a wide range of surface modification
treatments and it is worth noting that the concept of smooth
and rough surfaces needs to be clarified. Wennerberg et al.
[20] actually reviewed several surface topography para-
meters related to several of these treatments; they state the
difficulty on comparing the findings of the many existing
works due to different characterization techniques or
reported parameters used for the study. Also, when the
surface topography is changed, the surface chemistry or
physics may change simultaneously. Furthermore, when the
surface microtopography is changed, the nanotopography of
the same surface usually changes too, even without being
planned by the investigator. Therefore, caution must be
considered when dealing with all these issues.

Plasma spraying (PS) is considered a surface modifica-
tion technique at the micrometer level [1] and is a well-
established process for commercial prosthesis that have
proved long-term fixation [21, 22]. PS surfaces are often
used in combination with other modifications such as
blasting or etching [9, 23]. Current high rough titanium
coatings are produced by vacuum plasma spray (VPS) [24]
(Ra= 74 µm), and they are already used in orthopaedics
with good results in-vitro [24] and in-vivo [25, 26], but at
higher cost. Even many works based on the revision after
clinical use can be found in the literature [27–29].

As an alternative, Cold Spray (CS) technology allows the
obtaining of oxide-free coatings at room pressure conditions
at a lower cost [30]. Solid feedstock powders, (normally in
the range of 5–50 µm), are accelerated in a supersonic gas atFig. 1 Relationship among surface properties with cell adhesion
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velocities up to 1100m/s. The propelled particles impact on
the substrate and undergo plastic deformation and adhere to
the substrate. As a solid-state process, it is ideal to spray
temperature-sensitive materials to avoid possible oxidation in
comparison with the conventional thermal spray techniques.
Dense titanium coatings have been pursued potentially for
aeronautical and aerospace industry [30]. However, porous
coating could be quite useful in biomedical applications.

Some authors have previously obtained CS commercial
pure Ti (CP-Ti) coatings for biomedical applications [31–
34]. The use of porogen materials has enabled the produc-
tion of suitable porosities for bone ingrowth promotion but
both large roughness and porosity are difficult to obtain.
The use of coarse feedstock in cold gas spray can provide
both features at the same time [35]. Previously, such coat-
ings have proved to accomplish the mechanical standard
specifications for prostheses applications [36].

Here we present an in vitro study of this highly rough CS
CP-Ti coating in comparison with a sand blasted (SB)
microrough surface in order to biologically characterize the
influence of both topography surfaces, with emphasis on the
morphological features of the CS process.

2 Materials and methods

2.1 Sample preparation and surface characterization

Ti6Al4V alloy specimens were sand-blasted using an alu-
mina ♯24 mesh. Samples of the same type were used for CS
of titanium particles by means of a CGS KINETICS® 4000
(Cold Gas Technology, Ampfing, Germany) operated with
nitrogen as the propellant gas [35]. A CP-Ti grade 2 powder
of a particle size between 90–150 µm and irregular shape
(MBN Nanomaterialia SpA) was used as feedstock. 7× 7×
2mm3 specimens were used for in-vitro tests. The samples
were examined by scanning electron microscopy (SEM)
using a JEOL 5310 operated at 20 kV. Specific surface and
2D surface topography measurements were carried out with
Confocal Microscopy Leica DCM3D. The (micro)roughness
and waviness values of the samples were extracted from the
global profile with a Gaussian filter 0.25mm and according
to ISO 4287. A home-made water contact angle goniometer
with ImageJ software program has been used to the mea-
surement of the contact angles, performing static measure-
ments in sessile drop mode at 20 s. These measurements were
obtained by depositing 3–10 drops of 2 μm of MilliQ water
onto the surface of the samples.

2.2 Cell culture

Human osteoblastic cells (hOB) have been obtained from
knee trabecular bone after prosthesis replacement following

the protocol described by Nacher et al. [37]. The study has
been approved by the of Parc de Salut Mar Ethics Com-
mittee. Briefly, trabecular bone was dissected into 1–2 mm
pieces that were washed in phosphate-buffered solution
(PBS) and placed into a 15 cm diameter Petri dish con-
taining 15 ml Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% FBS, penicillin (100 UI/
ml), streptomycin (100 UI/mL), ascorbic acid (100 mg/ml)
(Invitrogen) and fungisone (0.4%) (Gibco). The explants
were incubated at 37 °C in a humidified atmosphere of 5%
CO2, changing the medium once a week until cell con-
fluence. Finally, cells were changed into new 75 cm2

flasks
until the suitable number has been reached. A maximum of
a third subculture has been used in the experiments. For
materials testing, samples were overnight sterilized in
ethanol 70°, washed in PBS and placed on a 48-well
polystyrene culture plate (Nunc A/S). Each material was
seeded with 100,000 cells and cultured with DMEM sup-
plemented with 10% FBS and ascorbic acid; for miner-
alization assays β-glycerophosphate (5 mM) was also
added. Before each tests, seeded materials were removed
from the original well and put into another one in order to
ensure the results obtained are provided only by the cells
attached on the studied coatings, and not by the cells
remaining on the plate surface. Samples were tested at 1, 7
and 14 days of cell culture, except for mineralization assay
that was performed at 28 days.

2.3 Cell viability and proliferation assays

Cell proliferation has been tested using the MTS assay
CellTiter 96® AQueous One Solution Cell Proliferation
assay (Promega) according to manufacturer’s protocol. 50 μl
of MTS were added in each sample cultured with 250 μl of
supplemented medium, incubating for 3 h and then
recording the absorbance at 490 nm.

LIVE/DEAD Viability/Cytotoxicity assay Kit for Mam-
malian Cells (Invitrogen) was performed in order to char-
acterize cell viability, attachment and distribution. It
discriminates live from dead cells by simultaneously stain-
ing with green-fluorescent calcein-AM (life cells) and red-
fluorescent ethidium homodimer-1 (dead cells). Live/Dead
assay was performed by adding 300 μl of a solution at 4 μM
EthD-1 and 2 μM of calcein AM in Phosphate-buffered
saline (PBS), per sample and incubated for 30–45 min at
room temperature. Then, surfaces have been observed with
a Confocal TCS SP5 Upright from Leica Microsystems and
the images were processed with Fiji software.

2.4 Alkaline phosphatase assay

Osteoblastic cell differentiation levels were evaluated
through alkaline phosphatase (ALP) activity, using the
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Abcam’s Alkaline Phosphatase Assay Kit. This assay uses
p-nitrophenyl phosphate (pNPP) as a phosphatase substrate
which turns yellow when dephosphorylated (it turns to p-
nitrophenol) by ALP. The resulting absorbance was mea-
sured using a scanning multi-well spectrophotometer, at
405 nm.

2.5 Alizarin red stainning

The cells attached to the samples were washed with PBS
and fixed with 10% formamide for 10 min. Samples were
washed with PBS and stained with 300 μl of 40 mM/l Ali-
zarin red solution, pH 4.2 (Sigma-Aldrich) per well at room
temperature for 10 min under gentle shaking. The unin-
corporated dye was removed and samples were washed
carefully with PBS to remove excess stain. Then, miner-
alization was quantified by dissolving the precipitated Ali-
zarin red with 10% cetylpyridinium chloride solution at
room temperature during 30 min on gentle shaking. 100 μl
of the stained solutions were quantified at 550 nm.

2.6 Cell morphology

Phalloidin-tetramethylrhodamine B isothiocyanate (Sigma-
Aldrich) staining were used for determining the structure of
the cytoskeleton of cells seeded onto the materials. Cells
were cleaned with PBS several times and fixed 10 min in
3.7% formaldehyde (Probus) solution in PBS. Then, cells
were washed extensively again in PBS and permeabilized
with 0.1% TRITON® X-100 (Sigma-Aldrich) in PBS 5 min
and gently rinsed with PBS. After that, cells were washed
again in PBS and stained with a 50 mg/ml fluorescent
phalloidin and 4′,6-diamidino phenylindole (DAPI) (0,2
mg/ml) (Sigma-Aldrich) in PBS (protected from the light)

40 min at room temperature. Cells were observed with a
Leica Confocal TCS SP5 Upright.

2.7 Statistical analysis

Statistical analyses were performed by Mann-Whitney U
test for group comparisons in the SPSS v.12.0 for Windows.
All analyses were two-tailed, and p-values< 0.05 were
considered significant. Tests were carried out three times in
order to ensure reproducibility. Each test contained two
replicas of each sample and was tested together positive and
negative controls. Results were normalized by the SB
samples within each experiment and each time in order to
avoid the inter-experiment variability.

3 Results

3.1 Surface characterization of titanium samples

The morphological characterization of titanium surfaces
shows the distinct topographical features of both the SB and
CS surfaces (Fig. 2); Fig. 2a and b show the sand blasted
surface morphology, which is characteristic of the eroding
effect of angular shaped alumina particles when the material
is displaced forming rims or lips. On the other hand, Fig. 2c
shows the large irregular shaped titanium particles depos-
ited by CS. At higher magnification, a nanotopography
morphology can be distinguished, which is dependent on
the surface asperities of the feedstock that can be preserved
after spraying or further features that can appear as result of
particles deformation upon impact (Fig. 2d).

Figure 3 shows the 2D surface roughness and waviness
profiles. SB produces a less rough and less complex surface

Fig. 2 SEM micrographs at
different magnifications of a, b
SB surfaces and c, d CS CP-Ti
coatings
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than the CS CP-Ti coating. Both samples showed micro-
roughness with a distance between peaks on the order of
tens of microns. Even so, SB surfaces manifest less deep
groves in comparison with CS CP-Ti coatings. As CS CP-Ti
coatings were produced by coarse particles, a larger
amplitude in the waviness profile could be observed in
comparison with the SB surface. The additional presence of
microroughness owing to the microasperities of the as-
sprayed particles leads to a high increase of the surface area.
3D parameters such as textured surface (developed surface
by roughness) and cross section (projected surface without
surface) areas were measured to reflect that enlargement. SB
samples increased x4.5 its surface area while the CS CP-Ti
coating increased x11 in comparison with a #240 grinded
Ti6Al4V surface. Table 1 summarizes all those roughness
profiles values.

Figure 4 shows the contact angle of MilliQ water onto
both surfaces. On SB surfaces an hydrophilic behaviour was
shown. The measured contact angle (θ) for SB surfaces and
CP-Ti coatings was of 33± 2° and 26± 10° respectively, in
comparison with 73± 2° (result not shown) from a #240
grinded Ti surface.

3.2 Osteoblast viability

The Live/Dead assay showed good cell viability on both
surfaces (Fig. 5). Most of the cells were alive after 14 days
of cell culture. No significant dead was found in any of both
specimens. In correlation with the Live/Dead assay, cells
seeded on CS CP-Ti coatings showed more MTS activity

than cells on SB surfaces at all days of culture, especially at
7 days of culture (Fig. 6).

3.3 Osteoblast function

The ALP activity detected in cells on CS CP-Ti coatings is
higher in comparison with SB surfaces at all times of cell
culture, especially at 14 days in which differences are sig-
nificant (Fig. 7). Moreover, cells seeded on CP-Ti coatings
also showed more mineralization levels than SB surface
after 28 days of cell culture (Fig. 8).

3.4 Morphological aspects of osteoblast

Figure 9 shows cell morphology micrographs of osteoblast
cells at 1, 7 and 14 days of culture. The actin cytoskeleton
was marked by Rhodamine (fluorescent red colour) and the
nucleus by DAPI (blue colour). On both surfaces, cells
showed a flattened and spread cytoskeleton with long
cytoplasmic extensions.

4 Discussion

Through the present work it has been observed that porous
and highly rough titanium coatings can be obtained by
means of CS of coarse feedstock particles rather than
spherical finer particles as employed in most of other stu-
dies. Large sized irregular particles in the range between 63
and 106 µm were also used to produce aluminium coatings

Fig. 3 Surface topography of SB surfaces and CS CP-Ti coatings
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[38], but in that case the purpose was not to obtain porous
coatings. Coarse particles result in lower spraying velocities
and larger gaps to be filled among the deposited particles.
The CGS technology is a quite complex process where also
powder and substrate mechanical, physical and chemical
properties need to be considered, which can be revised
elsewhere [39]. The proper metallurgical bonding among
particles requires the disruption of native oxide films on the
individual particles which seems to be accomplished at the
observed contact interfaces.

The spraying of coarse particles also provides certain
porosity and little deformation upon impact, which could be
beneficial for osseointegration and cell attachment. In
addition, the remaining surface micro-features given by
feedstock topography can play a role on the cell adhesion
and proliferation [10].

Concerning the use of titanium surface treatments for
prosthesis, a lot of studies are focused on the biological
properties induced by micro- and nano- rough surfaces,
although the surface roughness criteria is not very clear yet.

Fig. 4 Contact angles of MillQ
water droplets on a SB surfaces
and b CS CP-Ti coatings

Fig. 5 Live/Dead assay at 1, 7 and 14 days of cell culture (from left to right) onto a, b, c SB surfaces and d, e, f CS CP-Ti coatings (n= 3)

Table 1 Surface topography of SB surfaces and CS CP-Ti coatings

2D profile (µm) 2D roughness (µm) 2D waviness (µm) Textured surface area (µm2) Cross section area (µm2)

Ra+ SD Rz+ SD Ra+ SD Rz+ SD Wa+ SD Wz+ SD

SB 4± 1 38± 5 3± 1 23± 6 2± 1 3± 1 6.084× 106± 0.184 106 4.160× 106

CS CP-Ti 40± 13 236± 45 12± 1 68± 8 11± 3 22± 3 11.096× 106± 0.328× 106
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Some of the commercial specification/requirements report
roughness (Ra) values> 15 µm for Tibiocoat® (http://www.
tlsmedical.com/), or (Rt) > 100 µm Ti-Grip® and Ti-Pore®
by VPS (http://www.eurocoating.it/plasma_spray_coatings/
vacuum_plasma_spray_titanium_coatings/default.aspx).
The obtained CS CP-Ti coatings have Rt values> 200 µm
and reached a global profile value of Ra~40 µm (with a
surface microroughness of Ra~12 µm and a surface wavi-
ness of Wa~11 µm) by using a particle size mostly above
100 µm. The benefit from obtaining a higher surface area
will lead to an increase of surface for cell attachment, thus
favouring osseointegration. The increase of surface rough-
ness showed an increase of hydrophilicity. The contact
values obtained from a grinded Ti surface (~73°), decreased
to ~33° after SB treatment and ~26° after spraying the
coating, with the increase of surface roughness (~4 µm for
SB surface and ~40 µm for CP-Ti coating).

The effect of surface energy, water contact angle or
wettability has to be considered as it affects protein
adsorption, cell adhesion, proliferation and osteoblastic

differentiation. Surface wettability is considered to increase
production of osteoblastic factors and bone formation as
well as roughness [40].

Wenzel relationship includes the influence of the surface
roughness on enhancing the wettability caused by the
chemistry of the surface [41]. Depending on the interaction
of the liquid drop with the surface, two cases can occur: (i)
liquid drop penetrates into the surface invaginations
(Wenzel regime) or (ii) the drop stays on the micro-
structurated surface protrusions (Cassie regime) [42]. A
drop placed on a rough surface will spread until it finds its
equilibrium configuration characterized by a θ* (possibly
different from the measured angle θ). Therefore, the Wenzel
regime was applied according to Eq. (1):

cosθ� ¼ r � cosθ ð1Þ

r ¼ 1þ Sdr=100 ð2Þ

Sdr ¼ Textured surface areað Þ � ðCross section areaÞ
ðCross section areaÞ

ð3Þ
In which “θ*” is defined as the Wenzel angle, “θ” as the

measured (also known Young) angle and “r” is the rough-
ness ratio (eq. 2), defined by Sdr, the area factor (eq. 3)
(http://www.biolinscientific.com/zafepress.php?url=%2Fpdf
%2FAttension%2FTheory%20Notes%2FAT_TN_7_rough
ness.pdf); thus, the contact angle obtained by Wenzel cor-
rection was of θ*= 32.5± 3° and 24± 16° for SB and CP-
Ti coating surfaces, compared to the 33± 2° and 26± 10°
measured angles respectively.

Rough VPS titanium coatings have also shown to be
hydrophilic. Biolin Scientific reported a comparison study
between rough VPS titanium coatings and different titanium
surfaces carried out according to their roughnesses and
wettabilities (http://www.biolinscientific.com/zafepress.php?
url=%2Fpdf%2FAttension%2FApplication%20Notes%2FAT_

Fig. 7 ALP assay at 1, 7 and 14 days of cell culture of SB surfaces and
CS CP-Ti coatings (n= 3; *p-values< 0.05)

Fig. 8 Alizarin Red assay at 28 days of cell culture of SB surfaces and
CS CP-Ti coatings (n= 3; *p-values< 0.05)

Fig. 6 MTS assay at 1, 7 and 14 days of cell culture of SB surfaces and
CS CP-Ti coatings (n= 3; *p-values< 0.05)
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AN_17_roughbio.pdf). It was observed that the highest
surface roughness (Sa= 27.8 µm) and hydrophilicity (37°)
was obtained by rough VPS Ti coating, thus making it a
possible candidate as a bone implant surface. In addition, it
is also reported that the combination of micro/nano-textur-
ization yields dramatically smaller distilled water contact
angles (16.22°) [43].

The surface topography and wettability provided by CS
CP-Ti coatings provide better cell response in comparison
with SB surfaces. Cells seeded on both surfaces showed
good cell attachment onto low and higher surface rough-
ness. Cells showed flattened morphology, displaying
extended cytoskeleton on surface specimens. However, cell
viability and proliferation was detected to be higher for CP-
Ti coating at all days of cell culture tested, and especially
significant at 7 days. Irregular highly rough surfaces, as well
higher wettability provided by CS technique, have a direct
effect on osteoblast attachment and subsequent prolifera-
tion. Boyan et al. [44] observed that cell proliferation
increased with the increase of surface topography too. The
combination of higher surface microroughness and higher
surface waviness suggests a better cell anchoring. Cells are
stimulated by different levels of surface roughness, as long
as those levels are not greater than the cell dimensions, in

which would not enhance cell response [24]. On the other
hand, Borsari et al. [45] have compared ultra-high rough
VPS Ti coatings (Ra= 74 µm) with medium and low
roughness Ti coatings (Ra= 40 µm and Ra= 18 µm
respectively). Results show that they provided a good bio-
logical response. Even though, at least in vitro, they
behaved similarly to the coatings already used in ortho-
paedic. However, ultra-high values of roughness (Ra= 74
µm) are not correctly seen by cells. The roughness is so high
that the surface is nearly smooth in comparison with cell
size and the advantage given by the roughness is in such a
case minimized [46].

Finally, the rapid cell attachment and proliferation of
cells onto CP-Ti coatings contributes to detect higher values
of ALP compared to SB surfaces. Hence, the largest cell
number in CP-Ti coatings at all times correlates with the
higher ALP and mineralization levels detected in each
corresponding time, as also observed by other authors at
other surface roughness scales with different surface treat-
ment techniques [15, 47]. It confirms then that osteoblast-
like cells adhere more readily and showed to be more dif-
ferentiated on rougher surfaces, with regards to morphol-
ogy, extracellular matrix production and ALP activity [40].
Rough surface topography then positively modulates

Fig. 9 Phalloidin stainning at 1, 7 and 14 days of cell culture (from left to right) onto a, b, c SB surfaces and d, e, f CS CP-Ti coatings (n= 3)
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expression of genes related to collagen biosynthesis and
cross-linking in adherent cells associated with an increased
deposition of collagen-rich matrix.

5 Conclusions

The biological feasibility of highly rough titanium coatings
produced by CS was tested, showing that the CS technique
provides differential surface features compared to conven-
tional PS since this does not involve particle melting and it
is just rather based on direct particle bonding when plastic
deformation is produced upon impact, avoiding at the same
time, any oxidation of the titanium. The use of coarse
feedstock particles allowed the obtaining of highly rough
surface as well as a microtexturization given by particle
feedstock morphologies.

In vitro results of such developed coatings compared
to a simply SB surface showed an increase of biological
properties when surface roughness was increased.
Cell morphology was very similar on SB surface and CS
CP-Ti, showing good spreading and flattening for all
observation times. Higher cell viability and cell prolifera-
tion were observed for CS coatings; they also showed
higher ALP and mineralization levels in comparison with
SB surfaces.

The CP-Ti coating produced by CS seems to be a good
alternative to produce coatings with very good mechanical
and biological properties for joint cementless prostheses
application in a cost-effective way and using a friendly-
environment technology compared to others, in comparison
with VPS.
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